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For: METHODS AND COMPOSITIONS FOR ALTERING MUCUS SECRETION 

DECLARATION UNDER 37 C.F.R. §1,132 

I, Duncan Fraser Rogers, declare that: 

1. I hold the academic position of Reader in Respiratory Pharmacology and 
administrative position of Director of Postgraduate Studies (Research) at the National Heart & 
Lung Institute, Imperial College London, UK. I hold a PhD in Physiology (University of 
London) and am a Fellow of the Institute of Biology (UK). I have worked in the field of 
respiratory physiology and associated pulmonary diseases for over 25 years (from 1980 to the 
present). A copy of my Curriculum Vitae is appended hereto as Exhibit 1. 

2. I have read and understood the rejections made in the Office Action in the above- 
captioned application, mailed on December 7, 2005, based on the alleged lack of written 
description and alleged lack of enablement by the Examiner. Specifically, the Examiner stated 
that "there is no evidence that the observed reduction in mucus secretion actually correlated into 
the amelioration of the symptoms of asthma, since the state of the art, see Barnes (2002) and 
Rogers (2001 and 2003) as described below, calls into question the actual clinical benefit of 
mucus inhibitory agents for the treatment of respiratory diseases with associated mucus 
hypersecretion." I am the sole author of the Rogers cited publications, referred to above as 
"Rogers (2001 and 2003)," and specifically known as Chronic Obstructive Pulmonary Disease: 
Pathogenesis to Treatment: Novartis Foundation Symposium 234, Volume 234, Edited by D. 
Chadwick and J.A. Goode, Novartis Foundation 2001, pp. 65-83 (hereinafter referred to as 
"Rogers 2001") and Pediatric Pulmonology 36: 178-188 (2003) (hereinafter referred to as 



"Rogers 2003")- In response to the recited basis for Examiner's rejections, I provide the 
following comments and explanation: 

3. As author of these two publications, I do not agree with the Examiner's 
characterization of portions of the text of these publications which she states calls into question 
the actual clinical benefit of mucus inhibitory agents for the treatment of respiratory diseases 
accompanied by mucus hypersecretion. Firstly, Rogers 2001 provides, in part, a historical 
account of the studies of the contribution of mucus to the physiology and clinical symptoms in 
COPD from the late 1970's into the mid 1990's. In the studies in the early part of this timeframe, 
the consensus was that chronic airflow obstruction and mucus hypersecretion were largely 
independent disease processes. However, a number of studies in the late 1980's and 1990's 
found a positive correlation between mucus production and the decline in airway function (see 
the middle of page 71 of Rogers 2001). As I noted in this publication, it is my opinion that 
mucus hypersecretion clearly contributes to morbidity and mortality in certain groups of patients 
with COPD (for example in older patents and/or patients who are prone to chest infections and/or 
patients with low lung function), which is why I suggested that it was important to develop drugs 
that inhibit mucus hypersecretion in these patients (see pages 72 and 75). When I stated that 
there was controversy in the pathophysiology and clinical significance of mucus hypersecretion 
in COPD and the therapeutic value of drugs affecting mucus production, I meant that there was a 
discrepancy between the data from the earlier 'set' of epidemiological studies compared with the 
later 'set' of studies. The precise reasons for the discrepancies are not clear but, as stated in the 
publication (see foot of page 71 and top of page 72), they relate to differences in sampling of 
occupational cohorts vs general populations and choice of outcome measures. It is also likely that 
because, in a number of the studies above, the same populations, now older, were re-assessed, 
the impact of airway mucus hypersecretion on morbidity and mortality becomes more apparent 
with age. 

Generally, persons skilled in the pulmonary field have either performed experiments or 
have analyzed peer reviewed scientific publications that provide evidence that the inhibition of 
excessive mucus secretion or hypersecretion does result in the alleviation of some or all 
symptoms which are know to characterize respiratory diseases. This is exemplified in current 
guidelines for clinical management of asthma that mucus plugging of the airways is as much a 
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cause of airway obstruction and airflow limitation as are bronchoconstriction and pulmonary 
inflammation (National Institutes of Health. Global Initiative for Asthma: pocket guide for 
asthma management and prevention. Bethesda: National Institutes of Health, National Heart, 
Lung and Blood Institute, 2002, publication no. 02-3659). (See Exhibit 2.) Similarly, the current 
recognition that airway mucus hypersecretion is a potential risk factor for an accelerated loss of 
lung ftmction in COPD has prompted the inclusion of recommendations for mucolytic therapy 
(i.e. use of drugs to 'thin' mucus) in the latest guidelines for clinical management of COPD 
(National Institute for Clinical Excellence (NICE). Chronic obstructive pulmonary disease: 
national clinical guideline on management of chronic obstructive pulmonary disease in adults in 
primary and secondary care. Thorax 2004, 59). (See Exhibit 3.) This is in contrast to the lack of 
such recommendations of only five years ago (National Heart, Lung and Blood Institute/ WHO. 
Global Initiative for Chronic Obstructive Lung Disease. Publication no. 2701, National Institutes 
of Health, 2001), (See Exhibit 4) and is testament to our rapidly changing view of the role of 
mucus hypersecretion in the pathophysiology of COPD. It is important to note here that current 
treatment of COPD (namely bronchodilators and corticosteroids) is poorly effective (Global 
Initiative for COPD, 2001 - above). This is in contrast to asthma where these treatments are, for 
the most part, highly effective. Even the effectiveness of mucolytics is hindered by the lack of 
potency of current mucolytic compounds. Consequently, there is an unmet clinical need for new 
therapeutic interventions in COPD and any therapy with potential for alleviating symptoms and 
disease progression, even by a small amount, would be a valuable asset to clinical management 
of COPD. Clearly, treatments having beneficial effects on mucus would be part of any 
pharmacotherapeutic strategy in COPD. The possibility of inhibiting mucus output is an 
attractive option that would be expected to have therapeutic benefit in patients with COPD in 
whom mucus hypersecretion contributes significantly to clinical symptoms (e.g. the elderly, 
patients prone to chest infections and patients with low lung function - see above). 

In addition to COPD, as indicated above, mucus hypersecretion is also a clinical feature 
of severe respiratory conditions in addition to COPD, including asthma, cystic fibrosis (CF) and 
bronchiectasis. Most patients with asthma cough up sputum (indicative of mucus hypersecretion) 
at some stage of an asthma attack. This, on top of having to cope with bronchoconstriction and 
associated breathlessness of an asthma attack, is distressing, tiring and embarrassing for these 
patients. Excessive luminal mucus in asthma also contributes to airway obstruction and bronchial 
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hyperresponsiveness (one of the clinical hallmarks of asthma) (Rogers DF. Airway mucus 
hypersecretion in asthma: an undervalued pathology? Current Opinion in Pharmacology 2004, 
4: 241-250). (See Exhibit 5.) Although bronchodilators and glucocorticosteroids are, for the 
most part, effective in clinical management of asthma, there are many patients, for example those 
who are 'steroid insensitive 5 or have an aberrant polymorphism in their P2-adrenoceptors that 
reduces the effectiveness of p2-agonist bronchodilator therapy. In addition, despite treatment, 
many patients die in status asthmaticus, an end-stage condition of asthma in which the lungs 
become completely blocked with viscid mucus plugs. Thus, as in COPD, there is an unmet need 
for additional pharmacotherapy in asthma. Inhibition of excessive airway mucus would, 
therefore, be expected to alleviate a number of important symptoms of asthma, including cough, 
sputum production, airway obstruction, bronchial hyperreactivity and mucus plug formation in 
advanced, severe asthma. CF and bronchiectasis both have airway mucus hypersecretion and 
recurrent infection of this mucus, associated with disease exacerbation, as clinical features. 
Consequently, reduction in airway mucus would be expected to limit chest infections and 
increase quality of life in these vulnerable patient groups. 

From the above, it may be seen that there are specific and identifiable reasons why I view 
inhibition of airway mucus hypersecretion as a valid therapeutic target in both COPD (Rogers 
2003, page 184) and asthma (Rogers, 2004). I see anti-MARCKS therapy as a logical and 
legitimate approach to reducing airway mucus secretion in these conditions. It is also feasible 
that anti-MARCKS therapy would have clinical benefit in CF and bronchiectasis. It is 
noteworthy that even though Barnes (2002) states in the abstract that clinical benefits from 
inhibiting mucus hypersecretion are still not certain, Barnes (2002) also identifies MARCKS 
inhibitors as potential treatment for airway mucus hypersecretion in COPD, and possibly from 
multiple causes (pages 245 - 246). The Rogers (2003, 2004) and Barnes (2002) articles cite the 
high-impact factor journal paper by Li et al 2002 (with Adler as senior author - See Exhibit 6.) 
as evidence for their assertion that anti-MARCKS therapy for airway mucus hypersecretion 
merits consideration. A subsequent paper from Adler and colleagues (Nature Medicine 2004, 10, 
193-196) (See Exhibit 7.) has extended the original observations, and confirms that Rogers and 
Barnes were correct in supporting a role for anti-MARCLS therapy for airway mucus 
hypersecretion. 
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4. Additionally, the Examiner has raised my disclosure in Rogers 2003 as being supportive 
of her position of lack of written description and lack of enablement by citing how current 
treatments for diseases associated with airway mucus hypersecretion do not take into account the 
homeostatic role of pulmonary mucus and its impact on respiratory physiology. By way of 
clarification, it is my opinion that it is understood by researchers and physicians within the 
pulmonary field that a normal level of mucus secretion is important for entrapment of inhaled 
particles in the mucus gel layer and removal from the airways by mucociliary clearance which 
provide protective benefits (see Rogers 2003, page 179). However, it is also clear that airway 
mucus hypersecretion is detrimental to patient health and needs to be treated. Therefore, I believe 
that persons skilled in the field would understand that mucus inhibition treatment should not 
inhibit all mucus secretion but rather only inhibit mucus hypersecretion that is excessive and 
which results in pathophysiological effects on the airway. The correct dosage of drug would be 
determined in appropriate clinical trials, initially in Phase I trials, and subsequently becoming 
more refined for clinical use in Phase II and Phase III trials. This procedure holds true for any 
potential new drug for human use, not just drugs for anti-mucus therapy in the airways. Based 
upon these trials, skilled persons would be able to determine an appropriate dosage of mucus 
inhibitor to administer to persons with respiratory diseases that are characterized by mucus 
hypersecretion. 

5. Finally, Professor Barnes and I have just published a joint review article entitled 
Treatment of Airway Mucus Hypersecretion (Annals of Medicine 2006, 38, 116-125) (See 
Exhibit 8). In this article we specifically state that 'long-term and excessive mucus production 
... can lead to significant airflow limitation in a number of severe respiratory conditions 
including asthma, chronic obstructive pulmonary disease (COPD) and cystic fibrosis (CF).' 
(page 116). We reiterate that there are specific groups of patients in whom airway mucus 
hypersecretion contributes significantly to morbidity and mortality. We also identify inhibition of 
mucin exocytosis as a legitimate therapeutic target, with specific mention of anti-MARCKS 
therapy as a possible pharmacotherapeutic option (page 122). Thus, Professor Barnes and I are in 
agreement that inhibition of airway mucus hypersecretion is an unmet clinical need for many 
patients, especially in COPD, but also in asthma, CF and bronchiectasis, and that anti-MARCKS 
drugs merit consideration as potential anti-hypersecretory therapy. 
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6. I hereby declare that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true; and further, that 
these statements are made with the knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United 
States Code and that such willful false statements may jeopardize the validity of the application 
or any patent issuing thereon. 
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Curriculum Vitae, Dr. Duncan Fraser Rogers 



CURRICULUM VITAE 

Full Name and Title: Dr Duncan Fraser ROGERS 

Address: Section of Airway Disease 

National Heart & Lung Institute 
Imperial College London 
Dovehouse Street 
London SW3 6LY 
U.K. 

Title of Current Appointment: Reader in Respiratory Pharmacology (1999) 

Recognised Teacher of The University of London 
(Physiology) (1989) 

Higher education: 

• B.Sc. in Applied Biology (2:1 Hons.), 1976. Brunei University. 

• Postgraduate Certificate in Education (P.G. Cert. Ed.), 1977. Garnett College 
(University of London). 

• Ph.D. in Physiology, 1984. University of London. 

Membership of Professional Bodies and Learned Societies: 

• Membership of the Institute of Biology (M.LBioL) 1981, and Chartered Biologist 
(C.Biol.) 1995. 

• Fellow of the Institute of Biology (FIBiol) 2002. 

• British Association for Lung Research, 1982. 

Meetings Secretary 1990 -1993 
Chairman, 1993 - 1995. 

• British Pharmacological Society, 1988. 

• The Physiological Society, 1993. 

• Airway Mucus Club, 1986. 

Meetings Secretary 1988-1992. 

• British Inflammation Research Association (BIRAS), 1994. 

• Member of the British Lung Foundation's Scientific Committee (2000-2003). 

Journal Editorships 

• Thorax: Associate Editor (1995-1997). Member of the Advisory Board (1997- 
2002) 

o British Journal of Pharmacology: Member of Editorial Board (1997-2000). 

• Current Drugs: Member of Panel of Evaluators (1998-present). 



• Experimental Lung Research: Editor-in-Chief (2001 -present). 

Publications 
Peer-reviewed papers 

1. Doig, R.L, Done, A.A. & Rogers D.F. (1975) Pre-harvest sprouting in bread 
wheat (Triticum aestivum) as influenced by cytoplasmic male-sterility derived from T. 
timopheevi. Euphytica 24, 229-232. 

2. Rogers, D.F. & Jeffery, P.K. (1986) Inhibition by oral N-acetyicysteine of 
cigarette smoke-induced 'bronchitis' in the rat. Exp. Lung Res. 10, 267-283. 

3. Rogers, D.F. & Jeffery, P.K. (1986) Inhibition of cigarette smoke-induced airway 
secretory cell hyperplasia by indomethacin, dexamethasone, prednisolone, or 
hydrocortisone in the rat. Exp. Lung Res. 10, 285-298. 

4. Rogers, D.F. & Jeffery, P.K. (1986) Indomethacin and flurbiprofen speed 
recovery of rat bronchial epithelium after exposure to cigarette smoke. Exp. Lung 
Res. 10, 299-312. 

5. Rogers, D.F., Williams, D.A. & Jeffery, P.K. (1986) Nicotine does not cause 
'bronchitis 1 in the rat. Clin. Sci. 70, 427-433. 

6. Evans, T.W., Chung, K.F., Rogers, D.F. & Barnes, P.J. (1987) Effect of platelet- 
activating factor on airway vascular permeability: possible mechanisms. J. Appl. 
Physiol. 63, 479-484. 

7. Rogers, D.F., Turner, N.C., Marriott, C. & Jeffery, P.K. (1987) Cigarette smoke- 
induced 'chronic bronchitis': a study in situ of laryngotracheal hypersecretion in the 
rat. Clin. Sci. 72, 629-637. 

8. Rogers, D.F., Godfrey, R.W.A., Majumdar, S. & Jeffery, P.K. (1988) Oral N- 
acetylcysteine speeds reversal of cigarette smoke-induced mucous cell hyperplasia in 
the rat. Exp. Lung Res. 14, 19-35. 

9. Evans, T.W., Dent, G., Rogers, D.F., Aursudkij, B., Chung, K.F. & Barnes, P.J. 
(1988) Effect of a PAF antagonist, WEB 2086, on airway microvascular leakage in 
the guinea-pig and platelet aggregation in man; Br. J. Pharmacol. 94, 164-168. 

10. Evans, T.W., Rogers, D.F., Aursudkij, B., Chung, K.F. & Barnes, PJ. (1988) 
Inflammatory mediators involved in antigen-induced airway microvascular leakage in 
guinea-pigs. Am. Rev. Respir. Dis. 138, 395-399. 

11. Rogers, D.F., Belvisi, M.G., Aursudkij, B., Evans, T.W. & Barnes, P.J. (1988) 
Effects and interactions of sensory neuropeptides on airway microvascular leakage in 



guinea pigs. Br. J. Pharmacol. 95, 1 109-1 1 16. 



12. Boschetto, P., Roberts, N.M., Rogers, D.F. & Barnes, P.J. (1989) Effect of anti- 
asthma drugs on microvascular leakage in guinea-pig airways. Am. Rev. Respir. Dis. 
139,416-421. 

13. Belvisi, M.G., Rogers, D.F. & Barnes, P.J. (1989) Neurogenic plasma 
extravasation: inhibition by morphine in guinea pig airways in vivo. J. Appl. Physiol. 
66, 268-272. 

14. Evans, T.W., Rogers, D.F., Aursudkij, B„ Chung, K.F. & Barnes, PJ. (1989) 
Regional and time-dependent effects of inflammatory mediators on airway 
microvascular permeability in the guinea pig. Clin. Sci. 76, 479-485. 

15. Rogers, D.F. & Barnes, P.J. (1989) Opioid inhibition of neurally mediated mucus 
secretion in human bronchi. The Lancet i, 930-932. 

16. Rogers, D.F., Boschetto, P. & Barnes, P.J. (1989) Plasma exudation: correlation 
between Evans blue dye and radiolabeled albumin in guinea pig airways in vivo. J. 
Pharmacol. Methods 21, 309-315. 

17. Rogers, D.F., Turner, N.C., Marriott, C. & Jeffery, P.K. (1989) Oral N- 
acetylcysteine or S-carboxymethylcysteine inhibit cigarette smoke-induced 
hypersecretion of mucus in rat larynx and trachea in situ. Eur. Resp. J. 2, 955-960. 

18. Rogers, D.F., Aursudkij, B. & Barnes, P.J. (1989) Effects of tachykinins on 
mucus secretion in human bronchi in vitro. Eur. J. Pharmacol. 174, 283-286. 

19. Evans, T.W., Rogers, D.F., Belvisi, M.G., Rohde, J.A.L., Chung, K.F. & 
Barnes, P.J. (1990) Endotoxin-induced plasma exudation in guinea pig airways in 
vivo and the effect of neutrophil depletion. Eur. Resp. J. 3, 299-303. 

20. Evans, T. W., McAnulty, R.J., Rogers, D.F., Chung, K.F., Barnes, PJ. & Laurent, 
GJ. (1990) Bleomycin-induced lung injury in the rat: effects of the platelet activating 
factor (Paf) receptor antagonist BN 52021 and platelet depletion. Env. Health 
Perspectives 85, 65-69. 

21. Belvisi, M.B., Barnes, PJ. & Rogers, D.F. (1990) Neurogenic inflammation in 
the airways: characterisation of electrical parameters for vagus nerve stimulation in 
the guinea-pig. J. Neurosci. Methods 32, 159-167. 

22. Tokuyama, K., Kuo, H.-P., Rohde, J.A.L., Barnes, PJ. & Rogers, D.F. (1990) 
Neural control of goblet cell secretion in guinea pig airways. Am. J. Physiol. 259, 
L108-L115. 



23. Rogers, D.F., Alton, E.W.F.W., Aursudkij, B., Boschetto, P., Dewar, A. & 
Barnes, P.J. (1990) Effect of platelet activating factor on formation and composition 
of airway fluid in the guinea-pig. J. Physiol. 431 , 643-658. 

24. Rogers, D.F., Dijk, S. & Barnes, PJ. (1990) Bradykinin-induced plasma 
exudation in guinea pig airways: involvement of platelet activating factor. Br. J. 
Pharmacol. 101,739-745. 

25. Kuo, H.-P., Rohde, J.A.L., Tokuyama, K., Barnes, P.J. & Rogers, D.F. (1990) 
Capsaicin and sensory neuropeptide stimulation of goblet cell secretion in guinea-pig 
trachea. J. Physiol. 431, 629-641. 

26. Rogers, D.F., Alton, E.W.F.W., Dewar, A., Geddes, D.M. & Barnes, PJ. (1990) 
Tracheal potential difference in the reserpine and isoproterenol rat models of cystic 
fibrosis. Exp. Lung Res. 16, 661-670. 

27. Boschetto, P., Rogers, D.F., Fabbri, L.M. & Barnes, P.J. (1991) Corticosteroid 
inhibition of airway microvascular leakage. Am. Rev. Respir. Dis. 143, 605-609. 

28. Rogers, D.F., Godfrey, R.W.A., Castro, K., & P.K. Jeffery (1991) Effects of a 
new compound (Zy 15850A) on cigarette smoke-induced bronchitis in the rat. Agents 
Actions 33, 359366. 

29. Lei, Y.-H., Barnes, PJ. & Rogers, D.F. (1992) Inhibition of neurogenic plasma 
exudation in guinea pig airways by CP-96,345, a new non-peptide NKi antagonist. Br. 
J. Pharmacol. 105, 261-262 (^Special Report). 

30. Kuo, H.-P., Rohde, J.A.L., Barnes, P.J. & Rogers D.F. (1992) Differential 
inhibitory effects of opioids on cigarette smoke, capsaicin and electrically-induced 
goblet cell secretion. Br. J. Pharmacol. 105, 361-366. 

31. Kuo, H.-P., Rohde, J.A.L., Barnes, P.J. & Rogers, D.F. (1992) K + channel 
activator inhibition of neurogenic goblet cell secretion in guinea pig trachea. Eur. J. 
Pharmacol. 215, 297-299. 

32. Kuo, H.-P., Rohde, J.A.L., Barnes, P.J. & Rogers, D.F. (1992) Cigarette smoke- 
induced airway goblet cell secretion: dose-dependent differential nerve activation. 
Am. J. Physiol. 263, L161-167. 

33. Alton, E.W.F.W., Rogers, D.F., Logan-Sinclair, R., Yacoub, M., Barnes, P.J. & 
Geddes, D.M. (1992). Bioelectric properties of cystic fibrosis airways obtained from 
heart-lung transplantation. Thorax 47, 1010-1014. 

34. Hui, K.P., Lotvall, J., Rogers, D.F., Barnes, P.J. & Chung, K.F. (1992) 
Ovalbumin aerosol challenge in actively sensitized guinea pigs: relationship between 



airway microvascular leakage and airflow obstruction. Allergy 47, 527-53 1 . 



35. Lei, Y.-H., Barnes, P.J. & Rogers, D.F. (1993) Regulation of NANC neural 
bronchoconstriction in vivo in the guinea pig: involvement of nitric oxide, vasoactive 
intestinal peptide and soluble guanylyl cyclase. Br. J. Pharmacol. 108, 228-235. 

36. Rogers, D.F., Alton, E.W.F.W., Dewar, A., Lethem, M.I. & Barnes, P.J. (1993) 
Impaired stimulus-evoked mucus secretion in cystic fibrosis bronchi. Exp. Lung Res. 
19, 37-53. 

37. Hirayama, Y., Lei, Y.-H., Barnes, P.J. & Rogers, D.F. (1993) Effects of two 
novel tachykinin antagonists, FK224 and FK888, on neurogenic airway plasma 
exudation, bronchoconstriction and systemic hypotension in guinea-pigs in vivo. Br. J. 
Pharmacol. 108, 844-851. 

38. Meini, S., Mak, J.C.W., Rohde, J.A.L. & Rogers, D.F. (1993) Tachykinin control 
of ferret airways: mucus secretion, bronchoconstriction and receptor mapping. 
Neuropeptides 24, 81-89. 

39. Lei, Y.-H., Barnes, P.J. & Rogers, D.F. (1993) Inhibition of neurogenic plasma 
exudation and bronchoconstriction by a K + channel activator, BRL 38227, in guinea 
pig airways in vivo. Eur. J. Pharmacol. 239, 257-259. 

40. Ramnarine, S.I., Hirayama, Y., Barnes, P.J. & Rogers, D.F. (1994) 'Sensory- 
efferent' neural control of mucus secretion: characterisation using tachykinin receptor 
antagonists in ferret trachea in vitro. Br. J. Pharmacol. 113, 1 183-1 190. 

41. Hayes, J.P., Kuo, H.-P., Rohde, J.A.L., Newman Taylor, A.J., Barnes, P.J., 
Chung, K.F. & Rogers, D.F, (1995) Neurogenic goblet cell secretion and 
bronchoconstriction in guinea pigs sensitised to trimellitic anhydride. Eur. J. 
Pharmacol. Environ. Tox. Pharmacol. Section 292, 127-134. 

42. Lei, Y.-H., Barnes, P.J. & Rogers, D.F. (1995) Mechanisms and modulation of 
airway plasma exudation after direct inhalation of cigarette smoke. Am. J. Respir, 
Crit. Care Med. 151, 1752-1762. 

43. Lei, Y.-H., Barnes, P.J. & Rogers, D.F. (1996) Involvement of hydroxyl radicals 
in neurogenic airway plasma exudation and bronchoconstriction in guinea-pigs in 
vivo. Br. J. Pharmacol. 117, 449-454. 

44. Ramnarine, S.I., Khawaja, A.M., Barnes, P.J. & Rogers, D.F. (1996) Nitric oxide 
inhibition of basal and neurogenic mucus secretion in ferret trachea in vitro. Br J 
Pharmacol. 118, 998-1002. 

45. Ramnarine, S.I., Haddad, E.-B., Khawaja, A.M., Mak, J.C.W. & Rogers, D.F. 



(1996) On muscarinic control of neurogenic mucus secretion in ferret trachea. J. 
Physiol. 494, 577-586. 

46. Newman, T.M., Robichaud, A. & Rogers, D.F. (1996) Microanatomy of 
secretory granule release from guinea pig tracheal goblet cells. Am. J. Respir. Cell 
Mol. Biol. 15:529-539. 

47. Emms, J.C. & Rogers, D.F. (1997) Cigarette smoke-inhibition of neurogenic 
bronchoconstriction in guinea pigs in vivo: involvement of exogenous and 
endogenous nitric oxide. Br. J. Pharmacol. 121: 779-785. 

48. Nightingale, J.A., Rogers, D.F. & Barnes, P.J. (1998) The effect of repeated 
sputum induction on cell counts in normal volunteers. Thorax 53: 87-90. 

49. Ramnarine, S.I., Liu, Y.-C. & Rogers, D.F. (1998) Neuroregulation of mucus 
secretion by opioid receptors and K A tp and BKc a channels in ferret trachea in vitro. 
Br. J. Pharmacol. 123: 1631-1638. 

50. Liu, Y.-C, Khawaja, A.M. & Rogers, D.F. (1998) Effects of the cysteinyl 
leukotriene receptor antagonists pranlukast and zafirlukast on tracheal mucus 
secretion in ovalbumin-sensitized guinea pigs in vitro. Br. J. Pharmacol. 124: 563- 
571. 

51. Nightingale, J. A., Rogers, D.F., Hart, L.A., Kharitonov, S.A., Chung, K.F. & 
Barnes, P.J. (1998) Effect of inhaled endotoxin on induced sputum in normal, atopic, 
and atopic asthmatic subjects. Thorax 53: 563-571. 

52. Liu, Y.-C, Patel, H.J., Khawaja, A.M., Belvisi, M.G. & Rogers, D.F. (1999) 
Neuroregulation by vasoactive intestinal peptide (VIP) of mucus secretion in ferret 
trachea: activation of BKc a channels and inhibition of neurotransmitter release. Br. J. 
Pharmacol. 126: 147-158. 

53. Lei, Y.-H. & Rogers, D.F. (1999) Effects and interactions of opioids on plasma 
exudation induced by cigarette smoke in guinea pig bronchi. Am. J. Physiol. 276, 
L391-L397. 

54. Nightingale, J.A., Rogers, D.F. & Barnes, P.J. (1999) Differential effect of 
formoterol on adenosine monophosphate and histamine reactivity in asthma. Am. J. 
Respir. Crit. Care Med. 159, 1786-1790. 

55. Liu, Y.-C, Khawaja, A.M. & Rogers, D.F. (1999) Effect of vasoactive intestinal 
peptide (VlP)-related peptides on cholinergic neurogenic and direct mucus secretion 
in ferret trachea in vitro. Br. J. Pharmacol. 128, 1353-1359. 

56. Nightingale, J. A., Rogers, D.F. & Barnes, P.J. (1999) Effect of inhaled ozone on 
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57. Khawaja, A.M., Liu, Y.-C. & Rogers, D.F. (1999) Effect of fenspiride, a non- 
steroidal antiinflammatory agent, on neurogenic mucus secretion in ferret trachea in 
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PREFACE 



Asthma is a major cause of chronic morbidity and mortality throughout the 
world. The Global Initiative for Asthma was created to increase 
awareness of asthma among health professionals, public health authorities, 
and the general public, and to improve prevention and management 
through a concerted worldwide effort. The Initiative prepares scientific 
reports on asthma, encourages dissemination and adoption of the reports, 
and promotes international collaboration on asthma research. 

While asthma has been recognized for many years, public health officials 
are concerned about recent and continuing increases in its prevalence. 
The Global Initiative for Asthma offers a framework for asthma 
management that can be adapted to local health care systems and 
resources. Educational tools, such as laminated cards, or computer-based 
learning programs can be prepared that are tailored to these systems and 
resources. 

The Global Initiative for Asthma program publications include: 

• Workshop Report: Global Strategy for Asthma Management 
and Prevention (updated 2005). Scientific information and 
recommendations for asthma programs. 

• Pocket Guide for Asthma Management and Prevention. Summary of 
patient care information for primary health care professionals, 
(updated 2005). 

• Pocket Guide for Asthma Management and Prevention in 
Children. Summary of patient care information for pediatricians 
and other health care professionals, (updated 2005). 

• What You and Your Family Can Do About Asthma. An information 
booklet for patients and their families. 

Publications are available from http://www.Qinasthma.org 
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This Pocket Guide has been developed from the Workshop Report: Global 
Strategy for Asthma Management and Prevention (updated 2005). 
Technical discussions of asthma, evidence levels, and specific citations from 
the scientific literature are included in the Workshop Report. 
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Table 4 Assessment of severity of airflow obstruction according to FEVi as a 
percentage of the predicted value 



Severity 


FEVi 


Mild airflow obstruction 


50-80% predicted 


Moderate airflow obstruction 


30-49% predicted 


Severe airflow obstruction 


< 30% predicted 



1.1.6 Identification of early disease 

1.1.6.1 Spirometry should be performed in patients who are over D 
35, current or ex-smokers, and have a chronic cough. 

1.1.6.2 Spirometry should be considered in patients with chronic B 
bronchitis. A significant proportion of these will go on to 
develop airflow limitation. 

1.1.7 Referral for specialist advice 

1.1.7.1 It is recommended that referrals for specialist advice are D 
made when clinically indicated. Referral may be 
appropriate at all stages of the disease and not solely in 

the most severely disabled patients (see Table 5). 

1.1.7.2 Patients who are referred do not always have to be seen by D 
a respiratory physician. In some cases they may be seen by 
members of the COPD team who have appropriate training 

and expertise. 



1.2 Managing stable COPD 
1.2.1 Smoking cessation 

1.2.1.1 An up-to-date smoking history, including pack years D 
smoked (number of cigarettes smoked per day, divided by 

20, multiplied by the number of years smoked), should be 
documented for everyone with COPD. 

1.2.1.2 All COPD patents still smoking, regardless of age, should be A 
encouraged to stop, and offered help to do so, at every 
opportunity. 

1.2.1.3 Unless contraindicated, bupropion or nicotine replacement B 
therapy combined with an appropriate support programme 
should be used to optimise smoking quit rates for people 

with COPD. 
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be referred for consideration of lung volume reduction 
surgery if they meet all of the following criteria: 

♦ FEVi more than 20% predicted 

• PaC0 2 less than 7.3 kPa 

* upper lobe predominant emphysema 

* T L CO more than 20% predicted. 

1.2.12.3 Patients with severe COPD who remain breathless with 

marked restrictions of their activities of daily living despite 
maximal medical therapy should be considered for referral 
for assessment for lung transplantation, bearing in mind 
comorbidities and local surgical protocols. Considerations 
include: 

* age 

♦ FEVi 

* PaC0 2 

• homogeneously distributed emphysema on CT scan 

• elevated pulmonary artery pressures with progressive 
deterioration. 



1.2.13 Alpha-1 antitrypsin replacement therapy 

1.2.13.1 Alpha-1 antitrypsin replacement therapy is not 

recommended in the management of patients with alpha-1 
antitrypsin deficiency (see also recommendation 1.1.3.3). 

1.2.14 Mucolytic therapy 

1.2.14.1 Mucolytic drug therapy should be considered in patients 
with a chronic cough productive of sputum. 

1.2.14.2 Mucolytic therapy should be continued if there is 
symptomatic improvement (for example, reduction in 
frequency of cough and sputum production). 

1.2.15 Anti-oxidant therapy 

1.2.15.1 Treatment with alpha-tocopherol and beta-carotene 
supplements, alone or in combination, is not 
recommended. 



1.2.16 Anti-tussive therapy 

1.2.16.1 Anti-tussive therapy should not be used in the 
management of stable COPD. 
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Figure 4-5. Characteristics of Inflammation in COPD and Asthma 
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Inflammation and COPD Risk Factors 

The connection between cigarette smoke and Inflamma- 
tion has been most extensively studied 4162 . Cigarette 
smoke activates macrophages and epithelial cells to 
produce TNF-a and may also cause macrophages to 
release other inflammatory mediators, Including IL-8 and 
LTB4 B3,M * 

Inflammation is present in the lungs of smokers without a 
diagnosis of COPD. This Inflammation is similar to, but 
less Intense than, the inflammation in the lungs of 
patients with COPD. For example, Induced sputum stud- 
ies show that smokers without COPD have a greater pro- 
portion of neutrophils in their lungs than age-matched 
nonsmokers, but a smaller proportion than COPD 
patients 49 . Thus, the inflammation characteristic of 
COPD is thought to represent an exaggeration of a nor- 
mal, protective response to Inhalational exposures, 

However, not all smokers develop COPD, and why the 
normal, protective Inflammatory response becomes an 
exaggerated, harmful one In some smokers Is poorly 
understood* Presumably the Inflammation caused by cig- 
arette smoking Interacts with other host or environmental 
factors to produce the excess decline in lung function 
that results In COPD w . Inflammatory changes are also 
present In bronchial biopsies in ex-smokers, suggesting 
that the Inflammatory response In COPD may persist 
even In the absence of continuous exposure to risk fac- 
tors 50 . 



A number of studies have demonstrated that a variety of 
particulates (e.g., diesel exhaust, grain dust) can Initiate 
respiratory tract inflammation 57 * 1 . It is likely that indoor 
air pollution derived from the burning of biomass fuels will 
prove to have similar effects. 

Protelnass-Antlprotelnase Imbalance 

Laurel) and Eriksson observed in 1963 that individuals 
with a hereditary deficiency of the serum protein 
alpha-1 antitrypsin, which Inhibits a number of serine 
proteinases such as neutrophil elastase, are at 
increased risk of developing emphysema". Elastin, the 
target of neutrophil elastase, Is a major component of 
alveolar walls, and elastin fragments may perpetuate 
inflammation by acting as potent chemotactlc agents for 
macrophages and neutrophils. .These observations led to 
the hypothesis that an imbalance between proteinases 
and endogenous antlprotelnases results In lung destruc- 
tion. 

Based on many observationSi it now seems clear that an 
Imbalance of proteinases and antlprotelnases may 
involve either increased production or activity of pro- 
teinases, or Inactlvatlon or reduced production of antipro- 
telnases. Often, the imbalance is a consequence of the 
Inflammation Induced by Inhalational exposures. For 
example, macrophages, neutrophils, and airway epithelial 
cells release a combination of proteinases. The Imbal- 
ance may also be caused by a decrease of antlpro- 
telnase activity by oxidative stress (itself a consequence 
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of inflammation), cigarette smoke 03 **, and possibly other 
COPD risk factors. 

The concept has also been expanded to Include addi- 
tional proteinases and entiproteinases. While neutrophil 
elastase is likely to be the major proteinase involved In 
lung destruction in alpha-1 antitrypsin deficiency, it may 
not be Involved in COPD caused by inhalational expo- 
sures. Additional proteinases that have been Implicated 
in COPD Include neutrophil cathepsin G> neutrophil pro- 
teinase^, cathepsins released from macrophages 
(specifically cathepsins B, L, and S), and various matrix 
metalloprotelnases (MMPs) 08 . These proteinases are 
capable of degrading elastin and also collagen, another 
main component of alveolar walls. Some proteinases, 
such as neutrophil elastase 60 and neutrophil proteinase- 
s', induce mucus secretion, and neutrophil elastase also 
produces mucus gland hyperplasia". Thus, proteinases 
may be Involved in mucus hypersecretion as well as 
parenchymal destruction. Antiprotelnases thought to be 
involved In COPD Include, In addition to alpha-1 anti- 
trypsin, secretory leukoprotelnase Inhibitor (SLPI) and 
tissue inhibitors of MMPs (TlMPs). 

Oxidative Stress 

There is increasing evidence that an oxidant/antioxidant 
imbalance, In favor of oxidants, occurs in COPD, (The 
process is summarized in Figure 4»6.) Markers of 
oxidative stress have been found In the epithelial lining 
fluid, breath, and urine of cigarette smokers and patients 
with COPD. For example, hydrogen peroxide (H 2 0 2 ) 
and nitric oxide (NO) are direct measures of oxidants 
generated by cigarette smoking or released from inflam- 
matory leukocytes and epithelial cells, H2O2 Is 
increased in the breath of patients with stable COPD and 
during acute exacerbations", and NO is increased In the 
breath during exacerbations of COPD 70 . A prostaglandin 



Figure 4-6. Increased Oxidative Stress In COPD 
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isomer, isoprostane F20MI, which is formed by free radi- 
cal peroxidation of arachidonic acid and believed to be 
an In Vivo blomarker of lung oxidative stress, is Increased 
in both breath condensates 71 and urine 72 In COPD 
patients compared to healthy controls and is increased 
even more during exacerbations. 

Oxidative 1 stress contributes to COPD In a variety of 
ways. Oxidants can react with, and damage, a variety of 
bioioglcal molecules, Including proteins, lipids, and nucle- 
ic acids, and this can lead to cell dysfunction or death, 
as well as damage to the lung extracellular matrix. In 
addition to directly damaging the lung, oxidative stress 
contributes to the proteinase-antiproteinase imbalance^ 
both by Inactivating antiprotelnases (such as alpha-1 
antirypsin end SLPI) and by activating proteinases (such 
as MMPs). Oxidants also promote inflammation, for 
example by activating the transcription factor NF-kB, 
which orchestrates the expression of multiple inflammato- 
ry genes thought to be important In COPD such as IL-6 
and TNF-ff. Finally, oxidative stress may contribute to 
reversible airway narrowing, H2O2 constricts airway 
smooth muscle in vitro and isoprostane Fga-ill Is a 
potent constrictor of human airways". 



PATHOLOGY 



PrtniDd with pwml«ton of Dr. P«t»r J. Barnes. 



Pathological changes characteristic of COPD are found 
In the central airways, peripheral airways, lung parenchy- 
ma, and pulmonary vasculature 74 . The various lesions 
are a result of chronic inflammation in the lung, which In 
turn Is Initiated by the inhalation of noxious particles and 
gases such as those present In cigarette smoke. The 
lung has natural defense mechanisms and a consider- 
able capacity to repair Itself, but the working of these 
mechanisms may be affected by genetic traits (e.g., 
alpha-1 antitrypsin deficiency) or exposure to other envi- 
ronmental risk factors (e.g., infection, atmospheric pollu- 
tion) 76 , as well as by the chronic nature of the Inflamma- 
tion and repeated nature of the Injury. 

Central Airways 

The central airways Include the trachea, bronchi, and 
bronchioles greater than 2-4 mm in internal diameter. In 
patients with chronic bronchitis, an inflammatory exudate 
of fluid and cells infiltrates the epithelium lining the cen- 
tral airways and associated glands and ducts 242 . The 
predominant cells In this Inflammatory exudate are 
macrophages and CD6 + T lymphocytes™. Chronic 
Inflammation In the central airways Is also associated ^ 
with an increase In the number (metaplasia) of epithelial 
goblet and squamous cells; dysfunction, damage, and/or 
loss of cilia; enlarged submucosal mucus-secreting 
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glands"; an increase In the amount of smooth muscle 
and connective tissue in the airway wall 70 ; degeneration 
of the airway cartilage 7980 ; and mucus hypersecretion. 
The mechanisms of mucus gland hypertrophy and goblet 
cell metaplasia have not yet been Identified, but animal 
studies" 52 show that Irritants including cigarette smoke 83 
can produce these changes. The various pathological 
changes in the central airways (Figure 4-7) are responsi- 
ble for the symptoms of chronic cough and sputum pro- 
duction, which identify people at risk for COPD and may 
continue to be present throughout the course of the dis- 
ease. Thus, these pathological changes may be present 
either on their own or In combination with the changes In 
the peripheral airways and lung parenchyma described 
below. 



Figure 4-7. Pathological Changes 
of the Central Airways In COPD 




(A) shows a central bronchus from the lung of a ciga- 
rette smoker with normal lung function. Only small 
amounts of muscle are present and the epithelial 
glands are small. This contrasts sharply with a dis- 
eased bronchus (B), where the muscle appears as a 
thick bundle and the glands are enlarged, (C) shows 
these enlarged glands ate higher magnification. There 
is evidence of a chronic Inflammatory process Involving 
polymorphonuclear (arrowhead) and mononuclear 
cells, Including plasma cells (arrow). 

fMmtd with permission of Dr. Jamea C Ho?g and Stuart Grew. 

Peripheral Airways 

The peripheral airways include small bronchi and 
bronchioles that have an Internal diameter of less than 
2 mm (Figure 4-8). The early decline in lung function 
in COPD is correlated with Inflammatory changes In the 
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Figure 4-8. Pathological Changes 
of the Peripheral Airways In COPD 




Histological sections of peripheral airways from 
patients who are cigarette smokers, (A) Is a 
nearly normal airway; (B) shows a plug of mucoid 
exudate In the lumen with little or no evidence of 
Inflammation In the wall; (C) shows the presence of 
an Inflammatory exudate in the wall and lumen of 
the airway; and (D) shows an airway with reduced 
lumen, structual reorganization of the airway wall, 
Increased smooth muscle, and deposition of perl- 
bronchial connective tissue. 



PrtrDod wtfh permission of Dr. Jamaa C. Hogo and Swart Greens, 

peripheral airways, similar to those that occur In the 
central airways; exudate of fluid and cells In the 
airway wall and lumen, goblet and squamous cell 
metaplasia of the epithelium", edema of the airway 
mucosa due to Inflammation, and excess mucus in the 
airways due to goblet cell metaplasia, 

However, the most characteristic change in the periph- 
eral airways of patients with COPD is airway narrow- 
ing. Inflammation Initiated by cigarette smoking 46 and 
other risk factors" leads to repeated cycles of injury 
and repair of the walls of the peripheral airways. 
Injury is caused either directly by inhaled toxic parti- 
cles and gases such as those found In cigarette 
smoke, or Indirectly by the action of Inflammatory 
mediators; this Injury then Initiates repair processes. 
Although airway repair Is only partly understood, it 
seems likely that disordered repair processes can lead 
to tissue remodeling with altered structure and func- 
tion. Cigarette smoke may impair lung repair mecha- 
nisms, thereby further contributing to altered lung 
structure** 86 . Even normal lung repair mechanisms 
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can lead to airway remodeling because tissue repair In 
the airways, as elsewhere In the body, may involve 
scar tissue formation. In any case, this injury-and- 
repalr process results in a structural remodeling of the 
airway wall, with Increasing collagen content and scar 
tissue formation, that narrows the lumen and produces 
fixed airways obstruction 97 . The peripheral airways 
become the major site of airways obstruction In COPD, 
and direct measurements of peripheral airways resist- 
ance* show that the structural changes In the airway wall 
are the most Important cause of the Increase in peripher- 
al airway6 resistance in COPD. Inflammatory changes 
such as airway edema and mucus hypersecretion also 
contribute to airway narrowing in COPD. So does loss of 
elastic recoil, but fibrosis of the small airways plays the 
largest role/ 

Fibrosis In the peripheral airways, as elsewhere In the 
body, is characterized by the accumulation of mesenchy- 
mal cells (fibroblasts and myofibroblasts) and extracellu- 
lar connective tissue matrix. Several cell types including 
mononuclear phagocytes and epithelial cells may pro- 
duce mediators that drive this process. The mediators 
that drive the accumulation of these cells and of the 
matrix are Incompletely defined, but It is likely that sever- 
al mediators including TGF-13, ET-1, Insulin-like growth 
factor-1, fibronactin, platelet-derived growth factor 
(PDGF) ( and others are involved". 



Figure 4-9. Normal and Emphysematous Lungs 




Photomicrographs of paper-mounted whole lung sec- 
tions prepared from (A) a normal lung, (B) a lung with 
mild centrilobular emphysema, and (C) a lung with 
severe panadnar emphysema. Note that the centrilob- 
ular form affects mainly the upper lung regions where- 
as the panadnar form Is more apparent In the lower 
lung regions. 



Printed «iib parmteftteri el Dr. Jtmaa C. Hogg and 6lL*n Greens. 

Lung Parenchyma 

The lung parenchyma Includes the gas exchanging sur- 
face of the lung (respiratory bronchioles and alveoli) and 
the pulmonary capillary system (Figure 4-9). The most 



Figure 4-10, Normal Respiratory Bronchioles 
and Centrilobular Emphysema 
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(A) shows a photomicrograph of the pleural surface 
of a normal lung, with a secondary lobule defined by 
a connective tissue septum (solid arrow) and several 
terminal bronchioles (TB) filled with opaque material. 

(B) shows a low-power photomicograph of a normal 
terminal bronchiole (TB) branching into a respiratory 
bronchiole (RB) t which eventually end In alveolar 
ducts (AD). (C) Is a schematic diagram of centrilobu- 
lar emphysema and (D) shows the bronchography 
appearance of this lesion (TB=termlnal bronchiole; 
CLE=contr1lobular emphysema), 



Piffdod wtm permission of Dr. J&mw C. Hogg and Stuart Greene, 

common type of parenchymal destruction in COPD 
patients is the centrilobular form of emphysema (Figure 
4-10), which Involves dilatation and destruction of the 
respiratory bronchioles". These lesions occur more fre- 
quently In the upper lung regions in milder cases, but in 
advanced disease they may appear diffusely throughout 
the entire lung and also involve destruction of the pul- 
monary capillary bed, Panadnar emphysema, which 
extends throughout the acinus, is the characteristic lesion 
seen In alpha-1 antitrypsin deficiency and Involves dilata- 
tion and destruction of the alveolar ducts and sacs as 
welt as the respiratory bronchioles. It tends to affect the 
lower more than upper lung regions. Because this 
process usually affects all of the acini in the secondary 
lobule, it is also referred to as panlobular emphysema. 
The primary mechanism of lung parenchyma destruction, 
In both smoklng-related COPD and alpha-1 antitrypsin 
deficiency, Is thought to be an .imbalance of endogenous 
proteinases and antiprotelnases In the lung. Oxidative 
stress, another consequence of Inflammation, may also 
contribute", 
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Figure 4-11. Pathological Changes of the Pulmonary 
Vasculature in COPD 




Photomicrographs of small (A) and large (B) vessels 
In the lung of a heavy smoker with normal lung tunc* 
Hon, and small (C) and large (D) vessels in the lung of 
a patient with severe emphysema. Note that the 
smaller vessel has thicker walls (compare arrows in A 
and C) and that the larger vessel has a thicker media 
(compare arrows in B and D) In the patient with 
severe emphysema. (L=vessel lumen; magnification 
bar$=100fj). 

Printed with pvrmlftsfen cf Dr. J«m8? 0. Hogg and Stuart area ha. 

Pulmonary Vasculature 

Pulmonary vascular changes in COPD (Figure 4-11) are 
characterized by a thickening of the vessel wall that 
begins early In the natural history of the disease, when 
lung function is reasonably well maintained and 
pulmonary vascular pressures are normal at rest 92 , 
Endothelial dysfunction of the pulmonary arteries, 
which may be caused directly by cigarette smoke 
products 53 or Indirectly by inflammatory mediators 14 , 
occurs early In COPD*. Since endothelium plays an 
Important role in regulating vascular tone and cell 
proliferation, It Is likely that endothelial dysfunction 
might Initiate the sequence of events that results 
ultimately In structural changes. Thickening of the 
intima is the first structural change", followed by an 
Increase In vascular smooth muscle and the infiltration 
of the vessel wali by inflammatory colls, including 
macrophages and CD3 + T lymphocytes 14 , These struc- 
tural changes are correlated with an increase In pul- 



monary vascular pressure that develops first with exer- 
cise and then at rest. As COPD worsens, greater 
amounts of smooth muscle, proteoglycans, and collagen" 
further thicken the vessel wall. In advanced disease, the 
changes in the muscular arteries may be associated with 
emphysematous destruction cf the pulmonary capillary 
bed. 



PATHOPHYSIOLOGY 



Pathological changes in COPD lead to corresponding 
physiological abnormalities that usually become evi- 
dent first on exercise and later also at rest, 
Physiological changes characteristic of the disease 
Include mucus hypersecretion, ciliary dysfunction, air- 
flow limitation, pulmonary hyperinflation, gas exchange 
abnormalities, pulmonary hypertension, and cor pul- 
monale, and they usually develop in this order over the 
course of the disease. In turn, various physiological 
abnormalities contribute to the characteristic symp- 
toms of COPD — chronic cough and sputum production 
and dyspnea. 

Mucus Hypersecretion 
and Ciliary Dysfunction 

Mucus hypersecretion In COPD is caused by the stim- 
ulation of the enlarged mucus secreting glands and 
Increased number of goblet cells by inflammatory 
mediators such as leukotrienes, proteinases, and neu- 
ropeptides. Ciliated epithelial cells undergo squamous 
metaplasia leading to Impairment in mucociliary clear- 
ance mechanisms. These changes are usually the 
first physiological abnormalities to develop In COPD, 
and can be present for many years before any other 
physiological abnormalities develop. 

Airflow Limitation and 
Pulmonary Hyperinflation 

Expiratory airflow limitation is the hallmark physiologi- 
cal change of COPD. The airflow limitation character- 
istic of COPD Is primarily Irreversible, with a small 
reversible component. Several pathological character- 
istics contribute to airflow limitation and changes In 
pulmonary mechanics, as summarized in Figure 4-12, 
The Irreversible component of airflow limitation is primari- 
ly due to remodeling^ 3 * 7 ^" 7 — fibroste and narrowing — 
of the small airways that produces fixed airways obstruc- 
tion and a consequent increase In airways resistance. 
The sites of airflow limitation in COPD are the smaller 
conducting airways, including bronchi and bronchioles 
less than 2 mm In Internal diameter. In the normal lung, 
resistance of these smaller airways makes up a small 
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COMPONENT 3: MANAGE STABLE COPD 



KEY POINTS: 

• The overall approach to managing stable COPD 
should be characterized by a stepwise Increase in 
treatment, depending on the severity of the disease. 

• For patients with COPD, health education can play 
a role in improving skills, ability to cope with illness, 
and health status. It is effective In accomplishing 
certain goals, including smoking cessation 
(Evidence A). 

« None of the existing medications for COPD has 
been shown to modify the long-term decline In lung 
function that is the hallmark of this disease 
(Evidence A). Therefore, pharmacotherapy for 
COPD is used to decrease symptoms and/or com- 
plications. 

• Bronchodilator medications are central to the symp- 
tomatic management of COPD (Evidence A). They 
are given on an as-needed basis or on a regular 
basis to prevent or reduce symptoms. ' 

• The principal bronchodHator treatments are B^S** 
niets, anticholinergics, theophylline, and a combina- 
tion of these drugs (Evidence A). 

• Regular treatment with inhaled giucocorticosteroida 
should only be prescribed for symptomatic COPD 
patients with a documented spirometric response to 
gtucocortlcosteroids or in those with an FEV-j < < 
50% predicted and repeated exacerbations requir- 
ing treatment with antibiotics or oral glucocortlcos- 
teroids (Evidence B). 

• Chronic treatment with systemic glucocorticos- 
teroids shouid be avoided because of an unfavor- 
able benefrt-to-rlsk ratio {Evidence A). 

• All COPD patients benefit f(pm ^exercise; training i 

.>progrart*;HmW ' 1 

\ tolelBnoe^Symfjt6m«bt tfyspafea and tettgue , $ 

(Evidence A). [ 

• The long-term administration of oxygen (> 15 hours \ 
per day) to patients with chronic respiratory failure > 
has been shown to Increase survival (Evidence A). 



INTRODUCTION _ 

The overall approach to managing stable COPD should 
be characterized by a stepwise Increase in treatment, 
depending on the severity of the disease, The step-down 
approach used In the chronic treatment of asthma is not 
applicable to COPD since COPD Is usually stable and 
very often progressive. Management of COPD Involves 
several objectives (see Chapter 5, Introduction) that 
should be met with minimal side effects from treatment. 
It is based on an individualized assessment of disease - 
severity (Figure 5-3-1) and response to various therapies. 



Figure 5-3-1. Factors Affecting the Severity of COPD 



• Severity of symptoms 

• Severity of airflow limitation 

• Frequency and severity of exacerbations 

• Presence of one or more complications 
■ Presence of respiratory failure 

• Presence of comorbld conditions 

• General health status 

• Number of medications needed to manage the disease 



The classification of severity (Figure 1-2) of stable COPD 
incorporates an individualized assessment of disease 
severity and therapeutic response Into the management 
strategy. This classification Is a guide that should help 
health care workers make decisions about the manage- 
ment of COPD In individual patients. Treatment depends 
on the patient's educational level and willingness to apply 
the recommended management, on cultural and local 
conditions, and on the availability of medications. 



EDUCATION i 

Although patient education Is generally regarded as an 
essential component of care for any chronic disease, the 
role of education in COPD has been poorly studied. 
Assessment of the value of education In COPD may be 
difficult because of the relatively long time required to 
achieve Improvements In objective measurements of lung 
function. 

Studies that have been done Indicate that patient educa- 
tion alone does not Improve exercise performance or 
lung function" (Evidence B) f but it can play a role in 
Improving skills, ability to cope with Illness, and health 
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ELSEVIER 



Airway mucus hypersecretion in 
pathology? 

Duncan F Rogers 

Airway mucus hypersecretion is a feature of many patients with 
asthma. It is indicative of poor asthma control and contributes to 
morbidity and mortality. Excess mucus not only obstructs 
airways but also contributes to airway hyperresponsiveness. 
Furthermore, asthma might have a specific mucus 
hypersecretory phenotype. Goblet cell hyperplasia and 
submucosal gland hypertrophy are shared with other 
hypersecretory diseases, such as chronic obstructive 
pulmonary disease; however, some features are different, 
including mucus plugging, mucus 'tethering* to goblet cells, 
plasma exudation, and increased amounts of a low charge 
glycoform of mucin (MUC)5B and the presence of MUC2 in 
secretions. Experimentally, most of the inflammatory mediators 
and neural mechanisms implicated in the pathophysiology of 
asthma impact upon the mucus hypersecretory phenotype. 
There is currently huge research interest in identifying targets 
involved in inducing mucus abnormalities, which should lead 
to the rational design of anti-hypersecretory drugs for treatment 
of airway mucus hypersecretion in asthma. 
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Abbreviations 

COPD chronic obstructive pulmonary disease 
IL inteiieukin 

MARCKS myristoylated alanine-rich C kinase substrate 



Introduction 

Airway mucus hypersecretion is an undervalued pathol- 
ogy. It has long languished as the 'ugly sister' to bronch- 
oconstriction and eosinophilic inflammation in research 
into the pathophysiology of asthma. However, epidemiol- 
ogical studies demonstrate that mucus is a far from 
innocent disorder [1]. Indeed, current guidelines on 
asthma management highlight mucus plugging (Figure 1) 
alongside bronchoconstriction and inflammation as a 
cause of airway obstruction and airflow limitation [2]. 
Consequently, it is important to understand the patho- 
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asthma: an undervalued 



physiology of mucus hypersecretion in asthma. This 
should allow identification of therapeutic targets and 
subsequent rational development of pharmacotherape- 
utic drugs. This review focuses on the pathophysiology of 
mucus hypersecretion in asthma by, firstly, describing the 
mucus hypersecretory phenotype as it pertains to asthma; 
secondly, assessing the pathophysiological consequences 
and clinical impact of mucus hypersecretion in asthma; 
and thirdly, considering the epidemiology of mucus 
hypersecretion in asthma. The article finishes by out- 
lining conventional and novel therapies for this condition. 

Airway mucus 

In healthy individuals, a film of slimy liquid protects the 
airway surface from inhaled 'insult* [3*]. The liquid is 
referred to as 'mucus' and is a complex non-homogeneous 
dilute (1-2%) aqueous solution of electrolytes, endogen- 
ous and exogenous proteins, lipids and carbohydrates. 
Mucus forms an upper gel layer and a lower sol layer. 
Inhaled particles are trapped in the gel and, by transpor- 
tation on the tips of beating cilia, are removed from the 
airways: a process termed mucociliary clearance. Mucus 
contains ~2% mucins [4*], which are high molecular 
weight glycoproteins that confer the viscoelasticity 
required for efficient mucus-cilia interaction. Airway 
mucins are secreted by goblet cells in the surface epithe- 
lium [5] and mucous cells in the submucosal glands [6]. 
Mature mucins are long thread-like molecules composed 
of monomers joined end to end by disulphide bridges. 
The mucin monomers comprise a highly glycosylated 
linear peptide sequence, termed apomucin, which is 
encoded by specific mucin genes (MUCs). Of the 18 
human MUC genes reported to date, MUC5AG and 
MUC5B gene products are the major gel-forming mucins 
in airway secretions [4*], although MUG2 might be upre- 
gulated in asthma (see below) (Figure 2). 

Mucus hypersecretory phenotype in asthma 

Airway mucus hypersecretion in asthma has characteristic 
pathophysiological features. Many of these features, such 
as sputum production and goblet cell hyperplasia, are 
common to other hypersecretory respiratory diseases; for 
example, chronic obstructive pulmonary disease (COPD) 
and cystic fibrosis. Other features appear to be specifically 
associated with asthma (see below). Differences in mucus 
pathophysiology between asthma and COPD have been 
discussed previously [7], and are summarized in Figure 2. 
Presumably, differences between the pulmonary inflam- 
matory 'profiles' of asthma and COPD (the former essen- 
tially a Th2 lymphocyte-driven eosinophilia, the latter 
a macrophage-driven neutrophilia) [8] underlie the 
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Figure 1 



Airway mucus plugging in asthma, (a) Gross pathology of the lung 
from an asthmatic patient showing gelatinous plugs blocking (Pb) or 
partially occluding (Pp) large airways. Courtesy of Dr Catherine 
Corbishley whose gloved thumb (T) and finger (F) are holding the 
specimen, (b) Histology of an intrapulmonary airway of an asthmatic 
patient showing occlusion of the lumen by a mucus plug (P) with a 
marked infiltration of inflammatory cells (arrow). E, epithelium 
(damaged); G, submucosal gland; M t reticular basement membrane 
(thickened); V, blood vessel (with evidence of vasodilatation). 



variations in hypersecretory phenotype of these two 
conditions. Although mucus abnormalities are considered 
a feature of asthma, it is not clear whether these abnorm- 
alities result from excessive production of mucus, an 
intrinsic biochemical abnormality in asthmatic mucus, 
interactions between mucus and other airway compo- 
nents, or a combination of any or all of these factors. 
These possibilities are addressed below. 

Characteristics of mucus hypersecretion in asthma 

Mucus plugging of the airways is a feature of fatal asthma 
in both adults and children [9*,10*] (Figure 1). Unlike 
those in COPD, airway plugs of asthmatic patients are 
difficult to dislodge from the airways [11]. The plugs 



comprise plasma proteins, DNA, cells and proteoglycans, 
with mucins being the major gel-forming component [12]. 
Mucus plugging is not found in all patients dying of 
asthma; however, incomplete plugs often encrust the 
airways of asthmatic subjects who have died from causes 
other than their asthma [9*]. The latter observation 
indicates that plug formation is a chronic process that 
progresses to airway occlusion. 

Markedly increased amounts of mucus are found through- 
out the airways of chronic asthmatic patients and in severe 
fatal asthma [9*,13,14 # ] (Figure 3). The increased luminal 
mucus is associated with sputum production, particularly 
during or just after acute attacks [15], Increased sputum 
production is associated with increased mucus secretion, 
as determined by elevated mucin markers in sputum 
[16,17]. Several other molecules are also increased in 
asthmatic sputum, including DNA, lactoferrin, eosinophil 
cationic protein and plasma proteins (e.g. albumin and 
fibrinogen) [18]. Thus, increased mucin secretion, plasma 
exudation and inflammatory cell secretion are associated 
with mucus hypersecretion and sputum production in 
asthma. 

Increased mucin output reflects an increased amount of 
airway secretory apparatus. Submucosal gland hypertro- 
phy is a pathophysiological feature of asthma, with the 
size of the glands increased two- to four-fold above 
controls (Figure 4) [13,14",19]. However, gland hypertro- 
phy is not common to all patients, even those with sputum 
production [20], As a result, inflammation 'score* is a 
better morphological correlate of airway mucus hyperse- 
cretion than is gland size. Thus, although submucosal 
gland hypertrophy contributes to excess luminal mucus, 
glands of normal size can hypersecrete, presumably 
because of the influence of other factors, in particular 
airway inflammation. 

Goblet cell hyperplasia is another pathophysiological 
feature of asthma, with an increased area and number 
of goblet cells found throughout the lower airways of 
patients with asthma [5,21*]. Again, goblet cell hyperpla- 
sia is not common to all patients. In a small cohort of 
Japanese asthmatics, goblet cells were increased markedly 
in acute severe patients but not in the airways of patients 
with chronic asthma (Figure 5) [13]. The degree of gland 
hypertrophy was similar between the two patient groups 
(Figure 4). The latter observations require confirmation 
but indicate that, in fatal asthma, airway submucosal gland 
hypertrophy is a non-specific feature, whereas dispropor- 
tionate goblet cell hyperplasia is associated with, and 
possibly contributes to, deaths from asthma. 

Mucus abnormalities asthma 

Is there an intrinsic biochemical abnormality of mucus in 
asthma? The viscosity of asthmatic sputum is greater than 
that of patients with COPD or bronchiectasis [16,22,23]. 
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Figure 2 



MUC5AC + MUC5B 
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Mucus pathophysiology in asthma and COPD: similarities and differences. In asthmatics, there is increased luminal mucus, a similar or increased 
ratio of mucin (MUC) 5B (low charge glycoform [Icgf]) to MUC5AC, small amounts of MUC2, epithelial 'fragility', marked goblet cell hyperplasia, 
submucosal gland hypertrophy (with normal mucous to serous cell ratio), 'tethering' of mucus to goblet cells, and plasma exudation. Airway 
inflammation involves T lymphocytes and eosinophils. In COPD, there is increased luminal mucus, an increased ratio of Icgf MUC5B to MUC5AC, 
small amounts of MUC2, goblet cell hyperplasia, submucosal gland hypertrophy (with an increased proportion of mucous to serous cells), and 
respiratory infection (possibly owing to reduced bacterial enzymatic 'shield' from reduced serous cell number). Pulmonary inflammation involves 
macrophages and neutrophils. Many of these differences require data from greater numbers of patients. 



Figure 3 




Controls Chronic Acute-severe 
Asthma diagnosis 
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Airway luminal mucus in asthma. Area of luminal mucus was quantified 
morphometrically in histological sections of autopsied lungs of patients 
without lung disease (controls), patients with chronic asthma, or 
patients who had died of a sudden attack. Mucus occupying ratio 
(MOR) is significantly greater in both central and distal airways of 
patients who die with a diagnosis of asthma compared with controls. 
Br, bronchial radius; L, luminal perimeter; S m , size of stained area of 
mucus; Sb 1t size of bronchus before computer-based image analysis 
conversion to a circle, Sb 2 . Redrawn using data from [1 3]. 



Figure 4 




Computer-based severe 
Image analysis Asthma diagnosis 
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Submucosal gland hypertrophy in asthma. Gland area was quantified 
morphometrically and expressed as the proportion of gland to bronchial 
wall in histological sections of autopsied lungs of patients without 
lung disease (controls), patients with chronic asthma, or patients who 
had died of a sudden attack. Redrawn using data in [13]. 
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Figure 5 




Computer-based (n=4) (n=5) (n=3) 

Image analysis Controls Chronic Acute severe 

Asthma diagnosis 
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Goblet cell hyperplasia in asthma. The area of stained goblet cell mucin 
was quantified morphometrically and expressed as the proportion of 
mucin to total epithelial layer in histological sections of autopsied 
lungs of patients without tung disease (controls), patients with chronic 
asthma, or patients who had died of a sudden attack. Redrawn using 
data in [13]. 



Mucus plugs from a patient dying of asthma have notably 
different cross-linking, size, acidity and appearance 
(assessed by electron microscopy) compared with control 
mucus [12]. Characteristics of the mucins could explain 
the solidity of the mucus plugs; the authors concluded 
that the asthmatic mucus gel was stabilized by non- 
covalent interactions between extremely large mucins 
assembled from 'normal' sized subunits. This implies 
an abnormality in the mucin molecule assembly process. 
Although confirmatory studies are required, this investi- 
gation represents the first reliable demonstration of an 
intrinsic abnormality in mucus in asthma. 

Is the abnormality in mucus caused by the presence, or 
absence, of a specific mucin species in asthmatic secre- 
tions? The MUC5AC gene product and a low charge 
glycoform of MUC5B are the major mucin species in 
airway secretions from patients with asthma [7,24*,25,26]. 
Both mucins are increased above the levels found in 
secretions from control subjects, in particular the low 
charge glycoform of MUC5B [24*,26-28]. Accumulating 
data indicate that in 'irritated' airways, including those in 
asthma, MUC2 and MUC5B become significantly 
expressed in goblet cells, in which MUC5B is normally 
found at low levels and MUG2 not at all [4 # ]. A correlate of 
this is that MUC2 gene expression is raised in the airways 
of asthmatic patients [29]; MUG2 mucin is detected in 
induced sputum from only one healthy subject out of 15, 
but was present in sputum from three out of six asthmatic 
patients [24*]. Studies in more patients are required 
to confirm if upregulation of MUC2 occurs in asthma. 
Whether or not incorporation of small quantities of 
MUC2, an insoluble mucin, in the asthmatic mucus gel 
has a pathophysiological correlate could then be examined. 



Interactions between mucus and other airway 
components 

Airway mucus in asthma is composed of numerous con- 
stituents other than mucins (see above). In experimental 
systems, several of these constituents interact with mucin 
in a way that is detrimental to airway homeostasis. 
Increased plasma exudation from the bronchial micro- 
vasculature into the airway lumen is a feature of asthma 
[30]; this plasma increases luminal liquid volume and 
stimulates mucus secretion, thereby further increasing 
liquid volume. In vitro, plasma albumin and DNA (also 
found in asthmatic sputum) synergistically increase 
mucus viscosity. There is little evidence that this happens 
in vivo in asthmatic patients, at least not at the concen- 
trations of albumin and DNA found in asthmatic sputum. 
However, the combined effect might be sufficient to affect 
mucus viscosity. Thus, plasma exudation can directly and 
indirectly increase the amount of airway mucus, with 
albumin and DNA possibly increasing mucus viscosity. 

Another possible interaction might occur between newly 
secreted mucin and inflammatory cell products. Mucin 
appears to be 'tethered' to goblet cells in fatal asthma, 
which is in contrast to patients with chronic bronchitis or 
control subjects [31]. The favoured explanation of the 
authors is that, in chronic bronchitis, proteases from 
neutrophils, the predominant inflammatory cell in the 
airways in COPD [8], cleave mucins attached to the cell 
surface of goblet cells. Eosinophils, rather than neutro- 
phils, are the predominant inflammatory cell in asthmatic 
airways, and certainly predominated in the airways of the 
patients in the above study [31]. There is no evidence 
that eosinophil products are able to cleave mucins. Thus, 
'tethering' of secreted mucin to goblet cells is specific to 
asthma, with the lack of neutrophils in the airways of 
patients dying of asthma contributing to mucus plugging. 
This hypothesis needs formal investigation. 

Pathophysiological consequences of mucus 
hypersecretion and hyperviscosity 

The previous section established that there is overpro- 
duction of hyperviscous mucus in asthmatic airways. 
Depending upon how much is present, increased mucus 
in the airway lumen might not noticeably affect airflow 
(Figure 6). Larger quantities may still not affect airflow, 
but might induce cough that contributes markedly to 
patient morbidity [32]. In asthma, there are two main 
potential consequences of abnormal airway mucus: airway 
obstruction and increased airway responsiveness. 

Airway obstruction 

Airway obstruction with mucus and partially formed or 
complete mucus plugs is a feature of asthma (see above). 
Airway obstruction by mucus develops as a result of a 
combination of mucus abnormalities and ciliary dysfunc- 
tion, leading to reduced mucociliary clearance, mucostasis 
and plugging. Excess mucus compromises small diameter 
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Figure 6 
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Theoretical amplifying effect of luminal mucus on airflow resistance in 
asthma, (a) According to Poiseuille's law, resistance to flow (R) is 
proportional to the reciprocal of the radius (r) raised to the fourth power, 
(b) Without luminal mucus, bronchoconstriction to reduce the airway 
radius by half increases airflow resistance 1 6-fold, (c) A small increase 
in mucus thickness (t M ), which reduces the radius of the airway by 
only one-tenth, has a negligible effect on airflow in the unconstricted 
airway (compare with panel a), (d) With bronchoconstriction, the same 
amount of luminal mucus markedly amplifies the airflow resistance of 
this airway. 



airway patency more easily than it does large diameter 
airways. Luminal liquid also produces an inward force 
owing to surface tension, further compromising airway 
patency [33]. Mucus clearance is impaired in all stages of 
asthma, including patients in remission [34]. Factors other 
than excess mucus can reduce clearance; these include 
epithelial damage and shedding (with consequent loss of 
cilia), goblet cell hyperplasia replacing ciliated cells [5], 
and the generation of mediators that slow mucociliary 
clearance directly (e.g. leukotriene D 4 ). 

Obstruction of the airways leads to ventilation/perfusion 
mismatch [35]. Mucus obstruction in the asthmatic lung is 
patchy, which diverts ventilation from some alveolar 
regions to others to produce mismatch. There follows 
arterial hypoxaemia and stimulation of chemoreceptors, 
leading to hyperventilation and dyspnoea. Luminal 
mucus also contributes to increased airway resistance 
and the work of breathing. 

Change in airway responsiveness 

A reduction in airway luminal cross-sectional area will 
amplify any increase in airflow resistance due to broncho- 
constriction (Figure 6). This exaggerated response is 
known as airway hyperresponsiveness, and is a clinical 
characteristic of asthma [36]. Airway wall thickening, 



Figure 7 
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Effect of bronchoconstriction and luminal mucus on airway calibre in 
asthma. Marked bronchoconstriction in an intrapulmonary airway of a 
patient who died of an acute severe attack has thrown the epithelium 
(E) into tight, concertina-like folds. In the unconstricted airway 
(approaching circular in cross section), the comparatively small 
amount of intraluminal mucus might not have a significant effect on 
resistance to airflow (see Figure 6). However, the combination of 
intraluminal mucus and bronchoconstriction has occluded this 
airway. Arrow, mucus filling interstices between epithelial folds. 



increased surface tension at the air-liquid interface, 
reduced external support of the airway wall, and increased 
luminal mucus all reduce airway cross-sectional area. 
Experimental introduction of small glass beads into the 
airways of anaesthetized and mechanically ventilated cats 
to mimic increased luminal mucus leads to marked airway 
hyperresponsiveness [37]. Even small increases in lumi- 
nal liquid lead to marked airflow limitation with bronch- 
oconstriction (Figure 7) [38], However, excessive luminal 
mucus can have variable effects on airway responsiveness 
to inhaled spasmogens [39,40]. Responsiveness can either 
fall or increase, depending upon the pattern of distribution 
of mucus in the airways, which is usually not homoge- 
neous [41,42]. Mucus accumulation in particular regions of 
the lungs results in uneven flow distribution. Inhaled 
bronchoconstrictors are then directed to less resistant 
airways, thereby amplifying their responsiveness. 

Epidemiology of mucus hypersecretion in 
asthma 

The detrimental effects of excess mucus on airway 
mucociliary clearance, luminal patency and airway reac- 
tivity outlined above should have concomitant detrimen- 
tal effects on the asthmatic patient. Certainly, phlegm 
production (indicative of airway mucus hypersecretion) 
is an index of poor asthma control [2], The greatest risk 
for increased mortality in asthma is decreased lung func- 
tion, with a significant proportion of the excess risk 
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associated with mucus hypersecretion [1]. Some of the 
decrease in lung function will be caused by luminal 
mucus. Mucus hypersecretion is also a predictor of an 
excess decline in lung function, although not in all 
patients. Thus, in general terms, chronic airway mucus 
hypersecretion is associated with increased morbidity 
and mortality in patients with asthma. The following 
section addresses the issue of the derivation of this 
increased mucus output. 

Generation of the airway mucus 
hypersecretory phenotype in asthma 

Most of the numerous inflammatory mediators produced 
in asthmatic airways, together with neural mechanisms, 
can theoretically generate the mucus hypersecretory phe- 
notype in asthma. In experimental studies, these media- 
tors and neural mechanisms increase mucin secretion, 
induce plasma exudation, upregulate MUG gene expres- 
sion, increase mucin synthesis and cause goblet cell 
hyperplasia (summarized in Table 1) [43^5]. Th2 lym- 
phocyte-mediated generation of the mucus hypersecre- 
tory phenotype in animal models of asthma, and the 
pivotal involvement of interleukin (IL)-9 and IL-13 in 



the induction of goblet cell hyperplasia, are well docu- 
mented [46^49]. Other inflammatory cells involved 
include mast cells and neutrophils; both of these infiltrate 
submucosal glands in the airways of asthmatic patients 
[14*]. Degranulation of mast cells is associated with 
increased luminal mucus. Mast cells secrete histamine 
and proteases, whereas neutrophils secrete elastase. 
These mediators all have effects on mucus in experi- 
mental systems [45]. Most of the above pathways operate 
through the epidermal growth factor receptor and its 
tyrosine kinase intracellular signalling cascade [50]. 
Another key element that appears to be involved in 
the asthmatic hypersecretory phenotype is the human 
calcium-activated chloride channel [51,52*]. The Na + / 
K + /C1~ cotransporter isoform 1 is also associated with 
mucus hypersecretion in asthma [53], Thus, there are 
many possible targets for development of antihyperse- 
cretory drugs in asthma. 

Pharmacotherapy of mucus pathophysiology 
in asthma 

Airway mucus contributes to morbidity and mortality in 
many asthmatic patients; consequently, drugs affecting 



Table 1 



Potential mediators of airway mucus secretion, goblet cell hyperplasia, MUC synthesis/gene expression and plasma exudation in asthma. 

Stimulation Secretion Hyperplasia MUC Plasma exudation 



! Cytokines 

1 IL-1P 

; IL-6 

! IL-9 

i IL-13 (IL-4) 

i TNFcc 

i 

! Gases 

| Irritant gases (e.g. cigarette smoke) 
i Nitric oxide 

j Reactive oxygen species 

Inflammatory mediators 
j Bradykinin 
t Cysteinyl leukotrienes 
■ Endothelin 

Histamine 

PAF 

Prostaglandins 
Proteinases 
Purine nucleotides 

Neural pathways 

Cholinergic nerves 
Cholinoceptor agonists 
Nicotine 

Tachykininergic nerves 
Substance P 
Neurokinin A 

Miscellaneous 

EGF (+ TNFa) 

Sensitisation followed by challenge 
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a Effect only observed with PAF and TNFa in combination. +++, highly potent; ++., marked effect; +, lesser effect; 0, minimal effect; 
1 EGF, epidermal growth factor; NP, effect not published; PAF, platelet activating factor; TNFa, tumour necrosis factor-a. 
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Table 2 



Theoretical objectives for effective pharmacotherapy of airway hypersecretory pathophysiology in asthma. 



Overall objective 



Specific objectives 



Facilitate mucus clearance (short-term relief of symptoms) 



Reverse hypersecretory phenotype (long-term benefit) 



Inhibit mucin secretion 

Inhibit plasma exudation 

Reduce mucus viscosity (increase elasticity) 

Increase ciliary function 

Induce cough 

Facilitate release of 'tethered* goblet cell mucin 
Treat airway inflammation 
Reduce goblet cell number 
Reduce submucosal gland size 

Inhibit increased production of low charge glycoform of MUC5B 

Inhibit production of MUC2 

Reverse increased MUC5B:MUC5AC ratio 



the hypersecretory component of asthma should be 
beneficial in these patients. Asthma has specific trigger 
factors, its own profile' of pulmonary inflammation and 
its own mucus hypersecretory phenotype (Figure 2); 
therefore, specific drugs might be required to fulfil the 
objectives for treatment of hypersecretion in asthma 
(Table 2). Pharmacotherapy of airway mucus hypersecre- 
tion in asthma has been discussed in detail recently [45] 
and is summarized herein (Figure 8; Table 3). Essentially, 
pharmacotherapy can be divided into two sections: firstly, 
anti-inflammatory treatment of airway inflammation, 
probably the most beneficial therapy overall; and sec- 



ondly, therapies directed specifically at different levels of 
the pathophysiological 'cascade', from secretagogues to 
clinical symptoms (Figure 8). Many potential therapies 
are undergoing intensive investigation; for example, myr- 
istoylated alanine-rich C kinase substrate (MARGKS) is 
fundamental to goblet cell mucin exocytosis [54]. A 
synthetic peptide corresponding to the N-terminal 
domain of MARGKS inhibits airway mucin secretion in 
a mouse model of asthma [55*]. However, with the 
exception of glucocorticosteroids, it is unlikely that any 
single class of compound will provide comprehensive 
treatment of mucus hypersecretion in asthma. 



Figure 8 
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Pharmacotherapy of airway mucus hypersecretion in asthma. The pathophysiological 'cascade' from initiating factors to clinical symptoms can 
be accessed at different levels by 'antihypersecretory* pharmacotherapeutic compounds. The precise site(s) of action of many compounds is 
unclear, and some compounds might act at more than one site. hCLCA, human calcium-activated chloride channel; COX, cyclooxygenase; 
EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; MEK, mitogen-activated protein kinase kinase; MUC, 
mucin (gene); NKCC, Na + -K + -Cr cotransporter; PI3K, phosphatidylinositol 3-ktnase; RAR, retinoic acid receptor. 
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Table 3 



Potential therapeutic targets and inhibitors of airway mucus hypersecretion in asthma. 



Target 



Inhibitors 



Glucocorticosteroids (e.g. ciclesonide), PDE4 inhibitors (e.g. cilomilast, roflumilast), suplatast 
tosiiate, cytokine/chemokine blockers (monoclonal antibodies, soluble receptors, small molecule 
inhibitors and receptor antagonists), macrolide antibiotics (erythromycin, f lurythromycin), 
iNOS inhibitors (e.g. GW273629, L-NIL), COX-2 inhibitors (e.g. rofcoxib, celecoxib), cytochrome 
P-450 inducers (e.g. benzafibrate), HO inducers (see Update) 

Mucolytic drugs (e.g. /^-acetylcysteine, nacystelyn) 
Selective agonists for mucus hydration (e.g. INS37217) 

Antisense oligonucleotides (e.g. G3139 [Genasense, oblimersen]), Bax mimetics 
Talniflumate 

AG1478, BIBX1522, 2D1839 (Iressa) 
MEK inhibitors (e.g. PD98059, U0126) 
18-mer MUC antisense oligonucleotide 
Bumetanide 

p38 MAPK inhibitors (e.g. SB 203580) 
PI3K inhibitors (e.g. LY-294002) 

Icatibant 
Bosentan 

Montelukast, zafirtukast 
APC-366, BABIM 

Elastase inhibitors (e.g. batimastat, suramin and macrolide antibiotics such as erythromycin and 
flurythromycin) 
Apafant, modipafant 
P2Y 2 antagonists (none yet available) 

MARCKS inhibitors (e.g. MANS peptide) 

Munc-1 8B inhibitors (antisense oligomer) : .. ■ 

VR-1 receptor antagonists (e.g. anandamide, capsazepine) t r 
BKca channel activators (e.g. NS 1 61 9), CB 2 receptor agonists (e.g. AM1 241 , SR1 44528) , 
Anticholinergics (e.g. ipratropium bromide, tiotropium) 

Tachykinin NIC, receptor antagonists (e.g. CP99.994, RP67580, nolpitantium; dual NK n /NK 2 and 
triple NK 1 /NK 2 /NK 3 antagonists) 

BABIM, bis(5-amidino-2-benzimidazolyl)methane; CB, cannabinoid; CLCA, calcium-activated calcium channel; COX, cyclooxygenase; 
EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; HO, heme oxygenase; iNOS, inducible nitric oxide synthase; 
MAPK, mitogen-activated protein kinase; MEK, MAPK kinase; MUC, mucin; NK, neurokinin; NKCC, Na + /K + /Cr cotransporter; PAF, 
platelet activating factor; PDE, phosphodiesterase; PI3K, phosphatidylinositol 3-kinase; VR, vanilloid receptor. 



Airway inflammation 



Mucus properties 

Thickened mucus 
P2Y 2 receptors 

Goblet cell hyperplasia 

Bcl-2 
hCLCAV 

EGFR tyrosine kinase 
ERK 

MUC gene expression 

NKCC1 

p38 MAPK 

PI3K 

Inflammatory mediators 

Bradykinin (B 2 receptors) 

Endothelin-1 (ET A receptors) 

Cysteinyl leukotrienes (Cys-LT T receptors) 

Mast cell tryptase 

Neutrophil elastase 

PAF 

P2Y 2 purinoceptors 

Mucin exocytosis 

MARCKS 
Munc-18B 

Neural pathways 

Nerve activation 
Neurotransmitter release 
Muscarinic (M 3 ) receptors 
Tachykinin NK t receptors 



Conclusions 

Airway mucus hypersecretion and the pathophysiolo- 
gical changes that accompany it are features of many 
patients with asthma. The impact of airway hypersecre- 
tion on morbidity and mortality is now more fully under- 
stood, even though it can often be limited to certain 
groups of patients. Nevertheless, it is important to 
develop drugs that inhibit mucus hypersecretion in 
susceptible patients. Before addressing these issues, 
more information is required on mucus physiology and 
pathophysiology, particularly concerning the biochem- 
ical and biophysical nature of airway mucins in healthy 
subjects. Whether or not there is an intrinsic abnormality 
of mucus in asthma, and whether any abnormality is 
specific for asthma, requires confirmation. The factors 
that regulate MUC gene expression in health and dis- 



ease, and the relationship between this regulation and 
development of an asthma-specific hypersecretory phe- 
notype, need to be determined. The above information 
could then be used to delineate therapeutic targets 
which, in turn, should lead to rational design of anti- 
hypersecretory drugs for treatment of airway mucus 
hypersecretion in asthma. 

Update 

Induction of heme oxygenase, the enzyme that degrades 
heme, by repeated administrations of hemin demon- 
strates anti-inflammatory activity in a mouse model of 
allergic asthma, including inhibition of airway mucus 
hypersecretion (inhibition of upregulated MUC5AC gene 
expression and of increased periodic acid-Schiff staining 
of mucus) [56]. The inhibitory effects of hemin were 
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reversed by the heme oxygenase inhibitor tin protopor- 
phyrin-IX. 
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Hypersecretion of airway mucin characterizes numer- 
ous respiratory diseases. Although diverse pathological 
stimuli can provoke exocytotic release of mucin from 
secretory cells of the airway epithelium, mechanisms 
involved remain obscure. This report describes a new 
paradigm for the intracellular signaling mechanism reg- 
ulating airway mucin secretion. Direct evidence is pro- 
vided that the myristoylated alanine-rich C kinase sub- 
strate (MARCKS) is a central regulatory molecule 
linking secretagogue stimulation at the cell surface to 
mucin granule release by differentiated normal human 
bronchial epithelial cells in vitro. Down-regulation of 
MARCKS expression or disruption of MARCKS function 
in these cells inhibits the secretory response to subse- 
quent stimulation. The intracellular mechanism con- 
trolling this secretory process involves cooperative ac- 
tion of two separate protein kinases, protein kinase C 
and cGMP-dependent protein kinase. Upon stimulation, 
activated protein kinase C phosphorylates MARCKS, 
causing translocation of MARCKS from the plasma 
membrane to the cytoplasm, where it is then dephospho- 
rylated by a protein phosphatase 2A that is activated by 
cGMP-dependent protein kinase, and associates with 
both actin and myosin. Dephosphorylated cytoplasmic 
MARCKS would also be free to interact with mucin gran- 
ule membranes and thus could link granules to the con- 
tractile cytoskeleton, mediating their movement to the 
cell periphery and subsequent exocytosis. These find- 
ings suggest several novel intracellular targets for phar- 
macological intervention in disorders involving aber- 
rant secretion of respiratory mucin and may relate to 
other lesions involving exocytosis of membrane-bound 
granules in various cells and tissues. 



Mammalian airways are lined by a thin layer of mucus 
produced and secreted by airway epithelial (goblet) cells and 
submucosal glands. In diseases such as asthma, chronic bron- 
chitis, and cystic fibrosis, hypersecretion of mucus is a common 
lesion. Excess mucus can contribute to obstruction, susceptibil- 
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ity to infection, and even to destruction of airway walls and 
contiguous tissues. The major components of mucus are mucin 
glycoproteins synthesized by secretory cells and stored within 
cytoplasmic membrane-bound granules. Upon appropriate 
stimulation, these granules are released via an exocytotic proc- 
ess in which the granules translocate to the cell periphery 
where the granule membranes fuse with the plasma mem- 
brane, allowing for luminal secretion of the contents. 

Despite the obvious pathophysiological importance of this 
process, intracellular signaling mechanisms linking stimula- 
tion at the cell surface to mucin granule release have not been 
elucidated. It is known that a wide variety of agents and 
inflammatory/humoral mediators can provoke mucin secretion. 
These include cholinergic agonists, lipid mediators, oxidants, 
cytokines, neuropeptides, ATP and UTP, bacterial products, 
neutrophil elastase, and inhaled pollutants (reviewed in Refs. 1 
and 2). Interestingly, many of these mucin secretagogues are 
also known to activate several protein kinases, and studies 
examining the regulation of excess secretion of mucin by air- 
way epithelial cells from various species have consistently im- 
plicated involvement of either protein kinase C (PKC) 1 (3-6) or 
cGMP-dependent protein kinase (PKG) (7) in the secretory 
process. However, coordinated interactions or "cross-talk" be- 
tween these two protein kinases in regulation of mucin secre- 
tion have not been demonstrated, nor have signaling events 
downstream of protein kinase activation that ultimately lead to 
the exocytotic release of mucin granules been elucidated. 

Previously, we reported (8) development of a procedure to 
culture normal human bronchial epithelial (NHBE) cells in an 
air/liquid interface system in which the cells differentiate to a 
heterogeneous population containing secretory (goblet), cili- 
ated, and basal cells that mimic their in vivo appearance and 
function. These cell cultures provide an ideal in vitro model 
system to study mechanisms regulating mucin secretion from 
human airway epithelium. 

This report presents direct evidence demonstrating that the 
myristoylated alanine-rich C kinase substrate (MARCKS), a 
widely distributed PKC substrate for which a specific biological 
function has yet to be identified, is a key regulatory molecule 
mediating mucin granule release by NHBE cells. Secretion of 
mucin from these cells is maximized by activation of both PKC 
and PKG, and MARCKS serves as the point of convergence for 
coordinating the actions of these two protein kinases to control 
mucin granule release. The mechanism appears to involve PKC- 



1 PKC, protein kinase C; PKG, cGMP-dependent protein kinase; 
PKA, protein kinase A; MANS, myristoylated N-terminal sequence; 
PMA, phorbol 12-myristate 13-acetate; PSD, phosphorylation site do- 
main; 8-Br-GMP, 8-bromo-cyclic GMP; RNS, random N-terminal se- 
quence; MARCKS, myristoylated alanine-rich C kinase substrate; 
NHBE, normal human bronchial epithelial; PP2A, protein phosphatase 
2A; ELISA, enzyme-linked immunosorbent assay. 
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dependent phosphorylation of MARCKS, which releases 
MARCKS from the plasma membrane into the cytoplasm, 
where it is in turn dephosphorylated by a protein phosphatase 
2A (PP2A) that is activated by PKG. This dephosphorylation 
would allow MARCKS to regain its membrane-binding capa- 
bility (9-11), enabling its attachment to membranes of cyto- 
plasmic mucin granules. In addition, MARCKS interacts with 
actin and myosin in the cytoplasm and thus could tether the 
granules to the cellular contractile apparatus, mediating sub- 
sequent granule movement and exocytosis. 

EXPERIMENTAL PROCEDURES 

NHBE Cell Culture — Expansion, cryopreservation, and culture of 
NHBE cells in the air/liquid interface were performed as described 
previously (8). Briefly, NHBE cells (Clonetics, San Diego, CA) were 
seeded in vented T75 tissue culture flasks (500 cells/cm 2 ) and cultured 
until cells reached 75-80% confluence. Cells were then dissociated by 
trypsin/EDTA and frozen as passage-2. Air/liquid interface culture was 
initiated by seeding passage-2 cells (2 X 10 4 cells/cm 2 ) in Transwell® 
clear culture inserts (Costar, Cambridge, MA) that were thinly coated 
with rat tail collagen, type I (Collaborative Biomedical, Bedford, MA). 
Cells were cultured submerged in medium in a humidified 95% air, 5% 
C0 2 environment for 5-7 days until nearly confluent. At that time, the 
air/liquid interface was created by removing the apical medium and 
feeding cells basalaterally. Medium was renewed daily thereafter. Cells 
were cultured for an additional 14 days to allow full differentiation. 

Measurement of Mucin Secretion by ELISA — Before collection of 
"base line" and "test" mucin samples, the accumulated mucus at the 
apical surface of the cells was removed by washing with phosphate- 
buffered saline, pH 7.2. To collect the base-line secretion, cells were 
incubated with medium alone, and secreted mucin in the apical medium 
was collected and reserved. Cells were rested for 24 h and then exposed 
to medium containing the selected stimulatory and/or inhibitory re- 
agents (or appropriate controls), after which secreted mucin was col- 
lected and reserved as the test sample. Incubation times for the base 
line and the test were the same but varied depending on the test 
reagent utilized. Both base line and test secretions were analyzed by 
ELISA using an antibody capture method described previously (12). 
The primary antibody for this assay was 17Q2 (Babco, Richmond, CA), 
a monoclonal antibody that reacts specifically with a carbohydrate 
epitope on human airway mucins (13). The ratio of test/base-line mucin, 
similar to a "secretory index" reported previously (14), was used to 
quantify mucin secretion, allowing each culture dish to serve as its own 
control and thus minimizing deviation caused by variability among 
culture wells. Levels of mucin secretion were reported as percentage of 
the medium control. 

Radiolabeled Immunoprecipitation Assay— When labeling with 
PP] phosphate, cells were preincubated for 2 h in phosphate-free Dulbecco's 
modified Eagle's medium containing 0.2% bovine serum albumin and then 
labeled with 0.1 mCi/ml P^lorthophosphate (9000 Ci/mmol, PerkinElmer 
Life Sciences) for 2 h. For labeling with pH]myristic acid or 3 H-amino acids, 
cells were incubated overnight in medium containing 50 /iCi/ml pHlmyristic 
acid (49 Ci/mmol, PerkinElmer life Sciences) or 0.2 mCi/ml prflleucine (159 
Ci/mmol, PerkinElmer life Sciences) plus 0.4 mCi/ml pHJproline (100 Ci/ 
mmol, PerkinElmer Life Sciences). Following labeling, cells were exposed 
to stimulatory reagents for 5 min. When an inhibitor was used, cells were 
preincubated with the inhibitor for 15 min prior to stimulation. At the end 
of the treatments, cells were lysed in a buffer containing 50 mM Tris-HCl 
(pH 7.5), 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% Nonidet P-40, 1 mM 
phenylmethylsulfonyl fluoride, 1 mM benzamidine, 10 fxg/m\ pepstatin A, 
and 10 /xgfaal leupeptin. The radiolabeling efficiency in each culture was 
determined by trichloroacetic acid precipitation and scintillation count- 
ing. Immunoprecipitation of MARCKS protein was carried out according 
to the method of Spizz and Blackshear (15) using cell lysates containing 
equal counts/min. Precipitated proteins were resolved by 8% SDS-poly- 
acryl amide gel electrophoresis and visualized by autoradiography. Anti- 
human MARCKS antibody (2F12) and nonimmune control antibody (6F6) 
used in this assay were provided by Dr. Perry Blackshear (NIEHS, 
Research Triangle Park, NC). 

To assess MARCKS or MARCKS-associated protein complexes in 
different subcellular fractions, radiolabeled and treated cells were 
scraped into a homogenization buffer (50 mM Tris-HCl (pH 7.5), 10 mM 
NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzam- 
idine, 10 p-g/ml pepstatin A, 10 /ig/ml leupeptin) and then disrupted by 
nitrogen cavitation (800 pounds/square inch for 20 min at 4 °C). Cell 
lysates were centrifuged at 600 X g for 10 min at 4 °C to remove nuclei 



and unbroken cells. Post-nuclear supernatants were separated into 
membrane and cytosol fractions by ultracentrifugation at 400,000 X g 
for 30 min at 4 °C. The membrane pellet was solubilized in the lysis 
buffer by sonication. Immunoprecipitation was then carried out as 
described above. 

MARCKS-related Peptides — Both the myristoylated N-terminal se- 
quence (MANS) and the random N-terminal sequence (RNS) peptides 
were synthesized at Genemed Synthesis, Inc. (San Francisco, CA), then 
purified by high pressure liquid chromatography (>95% pure), and 
confirmed by mass spectroscopy with each showing one single peak with 
an appropriate molecular mass. The MANS peptide consisted of se- 
quence identical to the first 24 amino acids of MARCKS, i.e. the myr- 
istoylated N-terminal region that mediates MARCKS insertion into 
membranes (9-11), MA-GAQFSKTAAKGEAAAERPGEAAVA (where 
MA = N-terminal myristate chain). The corresponding control peptide 
(RNS) contained the same amino acid composition as the MANS but 
arranged in random order, MA-GTAPAAEGAGAEVKRASAEAKQAF. 
The presence of the hydrophobic myristate moiety in these synthetic 
peptides enhances their permeability to the plasma membranes, ena- 
bling the peptides to be taken up readily by cells. To determine the 
effects of these peptides on mucin secretion, cells were preincubated 
with the peptides for 15 min prior to addition of secretagogues, and 
mucin secretion was then measured by ELISA. 

Antisense Oligonucleotides — MARCKS antisense oligonucleotide and 
its corresponding control oligonucleotide were synthesized at Biognos- 
tik GmbH (Gottingen, Germany). NHBE cells were treated with 5 
antisense or control oligonucleotide apically for 3 days (in the presence 
of 2 ^Lg/ml lipofectin for the first 24 h). Cells were then incubated with 
secretagogues, and mucin secretion was measured by ELISA. Total 
RNA and protein were isolated from treated cells. MARCKS mRNA was 
assessed by Northern hybridization according to conventional proce- 
dures using human MARCKS cDNA (provided by Dr. Perry Blackshear, 
NIEHS, Research Triangle Park, NC) as a probe. MARCKS protein 
level was determined by Western blot using purified anti-MARCKS 
IgGl (clone 2F12) as the primary detection antibody. 

Transient Transfection — The phosphorylation site domain (PSD) of 
MARCKS contains the PKC-dependent phosphorylation sites and the 
actin filament-binding site (16). To construct a PSD-deleted MARCKS 
cDNA, two fragments flanking the PSD sequence (coding for 25 amino 
acids) were generated by polymerase chain reaction and then ligated 
through theX7ioI site that was attached to the 5'-ends of oligonucleotide 
primers designed for the polymerase chain reaction. The resultant 
mutant cDNA and the wild-type MARCKS cDNA were each inserted 
into a mammalian expression vector pcDNA4ATO (Invitrogen, Carlsbad, 
CA). Isolated recombinant constructs were confirmed by restriction 
digests and DNA sequencing. 

HBE1 is a papilloma virus-transformed human bronchial epithelial 
cell line (17) capable of mucin secretion when cultured in air/liquid 
interface. Transfection of HBE1 cells was carried out using the Effect- 
ene transfection reagent (Qiagen, Valencia, CA) according to the man- 
ufacturer's instructions. Briefly, differentiated HBE1 cells grown in 
air/liquid interface were dissociated by trypsin/EDTA and re-seeded in 
12-well culture plates at 1 X 10 s cells/cm 2 . After overnight incubation, 
cells were transfected with the wild-type MARCKS cDNA, the PSD- 
truncated MARCKS cDNA, or vector DNA. Cells were cultured for 48 h 
to allow gene expression and then exposed to secretagogues and mucin 
secretion measured by ELISA. All transfections were carried out in the 
presence of pcDNA4/TO//acZ plasmid (Invitrogen) (DNA ratio 6:1, total 
1 pig DNA, ratio of DNA to Effectene reagent = 1:25) to monitor 
variations in transfection efficiency. Results showed no significant dif- 
ference in /3-galactosidase activities in cell lysates isolated from the 
transfected cells, indicating similar transfection efficiency among dif- 
ferent DNA constructs (data not shown). 

Protein Phosphatase Activity Assay — PP1 and PP2A activities were 
measured using a protein phosphatase assay system (Life Technologies, 
Inc.) as described (18) with modification. Briefly, NHBE cells were 
treated with 8-Br-cGMP or medium alone for 5 min. Cells were then 
scraped into a lysis buffer (50 mM Tris-HCl (pH 7.4), 0.1% 0-mecapto- 
ethanol, 0.1 mM EDTA, 1 mM benzamidine, 10 jig/ml pepstatin A, 10 
^Lg/ml leupeptin) and disrupted by sonication for 20 s at 4 °C. Cell 
lysates were centrifuged and the supernatants saved for phosphatase 
activity assay. The assay was performed using 32 P-labeled phosphoryl- 
ase A as a substrate. Released 32 Pi was counted by scintillation. The 
protein concentration of each sample was determined by the Bradford 
assay. PP2A activity was expressed as the sample total phosphatase 
activity minus the activity remaining in the presence of 1 nM okadaic 
acid. PPl activity was expressed as the difference between the activities 
remaining in the presence of 1 nM and 1 yM okadaic acid, respectively. 
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Fig. 1. Mucin hypersecretion by NHBE cells is maximized by activation of both PKC and PKG. A and B, NHBE cells were exposed to 
indicated reagent(s) or medium alone (CTL) for 15 min. C t NHBE cells were preincubated with the indicated inhibitor for 15 min and then 
stimulated with 100 pu UTP for 2 h. Secreted mucin in response to the treatment was collected and assayed by ELISA. Data are presented as 
mean ± S.E. (n = 6 at each point). *, significantly different from medium control (p < 0.05). #, different from medium control (0.05 < p < 0.1). 
$ t significantly different from UTP stimulation (p < 0.05). 



Protein phosphatase activities were reported as nmol of P t released per 
min/mg total protein. 

Cytotoxicity Assay — All reagents used in treating NHBE cells were 
examined for cytotoxicity by measuring the total release of lactate 
dehydrogenase from the cells. The assay was carried out using the 
Promega Cytotox 96 Kit according to the manufacturer's instructions. 
All experiments were performed with reagents at non-cyto toxic 
concentrations. 

Statistical Analysis— Data were analyzed for significance using one- 
way analysis of variance with Bonferroni post-test corrections. Differ- 
ences between treatments were considered significant at p < 0.05. 

RESULTS 

Mucin Hypersecretion from NHBE Cells Involves 
Activation of Both PKC and PKG 

To determine the potential role of PKC and/or PKG in the 
mucin secretory process, NHBE cells were exposed to the fol- 
lowing two specific protein kinase activators: the phorbol ester, 
phorbol 12-myristate 13-acetate (PMA), for activation of PKC, 
and the nonhydrolyzable cGMP analogue, 8-Br-cGMP, for ac- 
tivation of PKG. Preliminary studies examining mucin secre- 



tion in response to PMA stimulation at various concentrations 
for different times (up to 1 pM for 2 h) indicated that activation 
of PKC alone did not induce significant mucin secretion from 
NHBE cells, although a moderate secretory response was re- 
peatedly observed at PMA concentrations higher than 100 nM 
(0.05 < p < 0.1). Also, the cells did not respond to the cGMP 
analogues at concentrations as high as 500 pM for up to 2 h of 
exposure. However, a combination of PMA + 8-Br-cGMP, af- 
fecting dual activation of PKC and PKG, provoked a rapid 
increase in secretion, approximately doubling it within 15 min 
of exposure (Fig. 1A). This secretory response induced by PMA 
+ 8-Br-cGMP was concentration-dependent, with maximal 
stimulation at 100 nM PMA + 1 pM 8-Br-cGMP (Fig. IB). 

UTP is a well defined pathophysiological^ relevant mucin 
secretagogue (19). Our preliminary studies showed that UTP 
(100 pu) could induce a significant increase in mucin secretion 
from NHBE cells after a 2-h exposure. To determine whether 
PKC and PKG were involved in regulation of mucin secretion in 
response to a pathophysiological stimulus, effects of PKC/PKG 
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Fig. 2. MARCKS protein is a key component of the mucin secretory pathway. A, MARCKS is myristoylated and mostly membrane- 
associated in NHBE cells. Cells were labeled with [ 3 Hlmyristic acid overnight, and the membrane {lane 1) and the cytosol (lane 2) fractions were 
then isolated by differential centrifugation. MARCKS protein in each fraction was examined by immunoprecipitation as described. B, the MANS 
peptide blocks mucin hypersecretion induced by PMA + 8-Br-cGMP or UTP in a concentration-dependent manner. NHBE cells were preincubated 
with the indicated peptide for 15 min and then exposed to PMA (100 nM) + 8-Br-cGMP (1 /iM) for 15 min or UTP (100 jim) for 2 h. Mucin secretion 
was measured by ELISA. Data are presented as mean ± S.E. (n = 6 at each point). *, significantly different from medium control (p < 0.05); 
t, significantly different from PMA + 8-Br-cGMP stimulation (p < 0.05); $, significantly different from UTP stimulation (p < 0.05). 



inhibitors on UTP-induced mucin secretion were investigated. 
NHBE cells were preincubated with various inhibitors for 15 
min and then exposed to UTP (100 aam) plus the inhibitor for 
2 h, and secreted mucin was measured by ELISA. The results 
indicated that mucin secretion provoked by UTP similarly re- 
quired both PKC and PKG activities, as the secretory response 
was attenuated independently by the PKC inhibitor calphostin 
C (500 nM), the PKG inhibitor p -8-Br-PET-cGMP (10 /am), or 
the soluble guanylyl cyclase (GC-S) inhibitor LY83583 (50 aim) 
but not by the protein kinase A (PKA) inhibitor KT5720 (500 
nM) (Fig. 1C). Apparently, mucin secretion in NHBE cells is 
regulated by a signaling mechanism involving both PKC and 
PKG. 

MARCKS Is a Key Molecule Linking PKC I PKG Activation 
to Mucin Secretion in NHBE Cells 

To address the signaling mechanism downstream of protein 
kinase activation, we turned our attention to a specific cellular 
substrate of PKC, MARCKS protein, that might play a role in 
linking kinase activation to granule release. We first confirmed 
the presence of MARCKS in NHBE cells by [ 3 H]myristic acid- 
labeled immunoprecipitation assay. As illustrated in Fig. 2A, 
MARCKS was expressed in NHBE cells, and the majority of 
this protein was membrane-associated under unstimulated 
conditions. Then a role for MARCKS as a key regulatory com- 
ponent of the mucin secretory pathway was demonstrated in 
three different ways. 

Peptide Blocking Studies — NHBE cells were preincubated 
with either the MANS or the RNS peptide (1-100 lam) for 15 
min, and then PMA (100 nM) + 8-Br-cGMP (1 aam) or UTP (100 
aim) was added, and cells were incubated for an additional 15 
min or 2 h, respectively. Mucin secretion was measured by 



ELISA. As shown in Fig. 2B, incubation of NHBE cells with the 
MANS peptide resulted in a concentration-dependent suppres- 
sion of mucin secretion in response to PKC/PKG activation or 
UTP stimulation, whereas the control peptide (RNS) did not 
affect secretion at these same concentrations. Effects of the 
MANS peptide were not related to cytotoxicity or general re- 
pression of cellular metabolic activity, as neither the MANS 
nor the RNS peptide affected lactate dehydrogenase release or 
[ 3 H]deoxyglucose uptake by the cells (data not shown). 

Antisense Oligonucleotide Studies — To demonstrate further 
MARCKS as a key signaling component of the mucin secretory 
pathway, the effect of an antisense oligonucleotide directed 
against MARCKS on mucin secretion was examined. As illus- 
trated in Fig. 3, this antisense oligonucleotide down-regulated 
both mRNA and protein levels of MARCKS in NHBE cells and 
significantly attenuated mucin secretion induced by PMA + 
8-Br-cGMP, whereas a control oligonucleotide had no effect. 

Transient Transfection of HBE1 Cells — Transfection of 
HBE1 cells with the PSD-truncated MARCKS cDNA resulted 
in significant inhibition of mucin secretion in response to PMA 
+ 8-Br-cGMP stimulation, whereas transfection with the wild- 
type MARCKS cDNA or the vector DNA had no effect (Fig. 4). 

MARCKS Serves as a Convergent Signaling Molecule 
Mediating Cross-talk of PKC and PKG Pathways 

To reveal molecular events by which MARCKS links kinase 
activation to mucin secretion, phosphorylation of MARCKS in 
response to PKC/PKG activation was investigated in depth. As 
illustrated in Fig. 5A, PMA (100 nM) induced a significant in- 
crease (3-4-fold) in MARCKS phosphorylation in NHBE cells, 
and this phosphorylation was attenuated by the PKC inhibitor 
calphostin C (500 nM). Once phosphorylated, MARCKS was 
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Fig. 3. Antisense oligonucleotide directed against MARCKS 
down-regulates MARCKS expression and attenuates mucin hy- 
persecretion. NHBE cells were treated with the antisense or the 
control oligonucleotide for 3 days and then stimulated with PMA (100 
nM) + 8-Br-cGMP (1 yMi) for 15 min. Mucin secretion was analyzed by 
ELISA. Total RNA and protein were isolated from treated cells. 
MARCKS mRNA was assessed by Northern hybridization, and protein 
was assessed by Western blot. A, Northern blot showed a decrease of 
-15% in MARCKS mRNA compared with controls. B, Western blot 
showed a decrease of ~30% in MARCKS protein. C, mucin hypersecre- 
tion was attenuated significantly by the antisense oligonucleotide, 
whereas the control oligonucleotide had no effect. Data are presented as 
mean ± S.E. (n = 6 at each point). *, significantly different from 
medium control (p < 0.05); t, significantly different from PMA + 8- 
Br-cGMP stimulation (p < 0.05). CTO, control oligonucleotide; ASO, 
antisense oligonucleotide. 



translocated from the plasma membrane to the cytoplasm (Fig. 
5B). Activation of PKG by 8-Br-cGMP (1 jllm), another kinase 
activation event necessary for provoking mucin secretion, did not 
lead to MARCKS phosphorylation, but, in fact, the opposite effect 
was observed: MARCKS phosphorylation induced by PMA was 
reversed by 8-Br-cGMP (Fig. 6A). This effect of 8-Br-cGMP was 
not due to suppression of PKC activity, as the PMA-induced 
phosphorylation could be reversed by subsequent addition of 
8-Br-cGMP to the cells (Fig. 6£). Therefore, PKG activation 
clearly resulted in dephosphorylation of MARCKS. 



1 & 2: Control (no DNA) 

3: Vector, pcDNA4/TO 

4: Wild-type MARCKS construct 

5: PSD-deteted MARCKS mutant construct 

Fig. 4. Transfection of PSD-deleted mutant MARCKS results 
in repression of mucin hypersecretion. HBE1 cells were tran- 
siently transfected with wild-type MARCKS, PSD-deleted MARCKS, or 
vector DNA as described under "Experimental Procedures. " After 48 h, 
cells were exposed to PMA (100 nM) + 8-Br-cGMP (1 /am) (lanes 2-5) or 
medium alone (lane 1) for 15 min. Mucin secretion was analyzed by 
ELISA. Data are presented as mean ± S.E. (n = 6 at each point). *, 
significantly different from medium control (p < 0.05); t, significantly 
different from PMA + 8-Br-cGMP stimulation (p < 0.05). 

Further investigation showed that PKG-induced MARCKS 
dephosphorylation was blocked by 500 nM okadaic acid, a pro- 
tein phosphatase (type 1 and/or 2A (PP1/2A)) inhibitor (Fig. 6A, 
lane 6). Thus, it appeared that the dephosphorylation was medi- 
ated by PP1 and/or PP2A. To define the subtype of protein phos- 
phatase involved, a novel and more specific inhibitor of PP2A, 
fostriecin (IC 50 = 3.2 nM) (20), was utilized in additional phos- 
phorylation studies. As illustrated in Fig. 6C, fostriecin inhibited 
PKG-induced MARCKS dephosphorylation in a concentration- 
dependent manner (1-500 nM), suggesting that PKG induced the 
dephosphorylation via activation of PP2A. To confirm further 
activation of PP2A by PKG in NHBE cells, cytosolic PP1 and 
PP2A activities were determined after exposure of the cells to 
8-Br-cGMP. PP2A activity was increased approximately 3-fold 
(from 0.1 to 0.3 nmoVmin/mg proteins, p < 0.01) at concentra- 
tions of 8-Br-cGMP as low as 0.1 i±m, whereas PP1 activity re- 
mained unchanged. These data clearly indicate that PP2A is 
activated by PKG and is responsible for the dephosphorylation of 
MARCKS. Accordingly, this PP2A activity appeared critical for 
mucin secretion to occur; when PKG-induced MARCKS dephos- 
phorylation was blocked by okadaic acid or fostriecin, the secre- 
tory response to PKC/PKG activation or UTP stimulation was 
ameliorated (Fig. 7). 

MARCKS Associates with Actin and Myosin 
in the Cytoplasm 

Radiolabeled immunoprecipitation assay revealed that 
MARCKS associated with two other proteins (—200 and —40 
kDa) in the cytoplasm (Fig. 8). Matrix-assisted laser desorption 
ionization/time of flight mass spectrometry/internal sequence 
analysis indicated that these two MARCKS-associated proteins 
were myosin (heavy chain, non-muscle type A) and actin, 
respectively. 

DISCUSSION 

Transformed cell lines of airway epithelium tend to contain 
altered signaling pathways, and cell lines or nondifferentiated 
cells may not respond to exogenous stimuli in a manner similar 
to differentiated cells in vivo. The NHBE cells utilized in the 
present study were cultured at the air/liquid interface, result- 
ing in fully differentiated primary cell cultures that main- 
tained a well documented structure and function similar to the 
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Fig. 5. PKC-dependent phosphorylation releases MARCKS 
from the plasma membrane to the cytoplasm. A, activation of PKC 
results in MARCKS phosphorylation in NHBE cells. Cells were labeled 
with [ 32 P]orthophosphate for 2 h and then exposed to the stimulatory 
and/or inhibitory reagents. MARCKS phosphorylation in response to 
the treatments was evaluated by immunoprecipitation as described. 
Lane 1, medium control; lane 2, the vehicle, 0.1% Me 2 S0; lane 3, 100 nM 
4a-PMA; lane 4, 100 nM PMA; lane 5, 100 nM PMA + 500 nM calphostin 
C; lane 6, 500 nM calphostin C. B, phosphorylated MARCKS is trans- 
located from the plasma membrane to the cytoplasm. 32 P-Labeled cells 
were exposed to PMA (100 nM) or medium alone for 5 min, and then the 
membrane and the cytosol fractions were isolated. MARCKS phospho- 
rylation in each fraction was evaluated by immunoprecipitation assay. 
Af, membrane fraction; C, cytosolic fraction. 
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in vivo one (8, 21-23). This air/liquid methodology to culture 
airway epithelial cells was developed several years ago to pro- 
vide an ideal in vitro model system to study mechanisms in- 
volved in various cellular processes in airway epithelium. The 
cell cultures contain secretory cells as well as ciliated and basal 
cells. Responses of these cells relate to the in vivo situation as 
they maintain the heterogeneous cell-cell contacts and polar- 
ized epithelial structure that no doubt influence their behavior 
in situ. Although MARCKS is likely present in non-secretory 
cells also, the clear and rapid causal associations between 
modifications of MARCKS and secretory outcomes suggest that 
mucin secretion is the direct effect of the MARCKS-related 
molecular events, as demonstrated in this study, occurring 
within the secretory cells. 

Previous studies with transformed cell lines and airway ep- 
ithelial cells isolated from various animal species have sug- 
gested involvement of PKC or PKG in mucin secretion (3-7). 
We report here for the first time that concurrent activation of 
both PKC and PKG maximized mucin secretion from differen- 
tiated NHBE cells, and activation of either kinase alone is not 
sufficient to elicit a robust secretory response. These results 
are in general agreement with most of the previous findings. 
We did document an enhanced secretory response to PMA 
alone (Fig. 1, column 4), although the magnitude of the re- 
sponse was much less than that observed by others (4) in a rat 
goblet-like cell line. In addition, although we have reported 
previously that a cGMP analogue could induce significant mu- 
cin secretion from cultured guinea pig tracheal epithelial cells 
(7), it should be noted that this response did not reach signifi- 
cant levels until 8 h of exposure. A secretory response with such 
a long lag period is unlikely to be a direct effect and probably 
involves de novo protein synthesis as opposed to release of 
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Fig. 6. PKG induces dephosphorylation of MARCKS by acti- 
vating PP2A. NHBE cells were labeled with [ 32 P]orthophosphate and 
then exposed to the indicated reagents. MARCKS phosphorylation in 
response to the treatments was evaluated by immunoprecipitation as- 
say. A, 8-Br-cGMP reversed MARCKS phosphorylation induced by 
PMA, and this effect of 8-Br-cGMP could be blocked by flp-8-Br-PET- 
cGMP (PKG inhibitor) or okadaic acid (PP1/2A inhibitor). B, PMA- 
induced phosphorylation of MARCKS was reversed by subsequent ex- 
posure of cells to 8-Br-cGMP. Lane 1, medium alone for 8 min; lane 2, 
100 nM PMA for 3 min; lane 3, 100 nM PMA for 3 min and then with 1 
/iM 8-Br-cGMP for 5 min; lane 4, 100 nM PMA for 8 min; lane 5, medium 
alone for 3 min and then 100 nM PMA + 1 /iM 8-Br-cGMP for 5 min. C, 
8-Br-cGMP-induced MARCKS dephosphorylation was attenuated by 
fostriecin in a concentration-dependent manner, k from left to right: 
500, 100, 10, and 1 nM fostriecin; the last lane: 500 nM fostriecin alone. 

preformed and stored cytoplasmic granules. Nevertheless, the 
apparent synergistic effect involving cooperative activation of 
both PKC and PKG suggests a complex and stringent signaling 
mechanism mediating mucin secretion in differentiated human 
airway epithelium. 
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Fig. 7. PP2A is an essential component of the mucin secretory 
pathway. NHBE cells were preincubated with the indicated concen- 
tration of fostriecin, okadaic acid (500 nM), or medium alone for 15 min 
and then stimulated with PMA (100 nM) + 8-Br-cGMP (1 jam) for 15 min 
or with UTP (100 /llm) for 2 h. Secreted mucin was measured by ELISA. 
Data are presented as mean ± S.E. (n = 6 at each point). *, significantly 
different from medium control (p < 0.05); t, significantly different from 
PMA + 8-Br-cGMP stimulation (p < 0.05); $, significantly different 
from UTP stimulation (p < 0.05). 

To address involvement of PKG in the secretory process, 
8-Br-cGMP was utilized in these studies. Although the primary 
physiological effect of 8-Br-cGMP is to activate PKG (24), it also 
has been reported to act as an agonist for cGMP-gated ion 
channels in some cells (25) and, at high concentrations, to 
cross-activate PKA (reviewed in Ref. 26). To preclude the pos- 
sibility that cGMP-gated ion channels and/or PKA may play a 
role in mucin secretion by NHBE cells, i? p -8-Br-cGMP, a 
unique cGMP analogue that can activate cGMP-gated ion chan- 
nels similar to 8-Br-cGMP but inhibit PKG activity (25), was 
used as an agonist to distinguish the effects of PKG and cGMP- 
gated ion channels on mucin release. As illustrated in Fig. 1A 
(column 21), J2p-8-Br-cGMP did not enhance mucin secretion 
when added to the cells with PMA. Likewise, the specific PKA 
inhibitor, KT5720 (500 nM), did not affect mucin secretion 
induced by either PMA + 8-Br-cGMP (data not shown) or UTP 
(Fig. 1C, column 4). These studies negate the possibility that 
cGMP-gated ion channels or PKA are associated with mucin 
secretion, indicating that activation of PKG in NHBE cells is 
the mechanism whereby 8-Br-cGMP contributes to enhanced 
secretion. Furthermore, because UTP-induced mucin hyperse- 
cretion can be attenuated by the soluble guanylyl cyclase 
(GC-S) inhibitor LY83583, it is likely that activation of PKG 
occurs via the signaling pathway of nitric oxide (NO) — > GC-S 
—> cGMP -» PKG, as illustrated previously (7) in differentiated 
guinea pig tracheal epithelial cells in vitro. 

Given the participation of both PKC and PKG in the mucin 
secretory process, we began to examine potential intracellular 
substrates of these enzymes that could play a role in signaling 
events downstream of the kinase activation. Numerous intra- 
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Fig. 8. MARCKS associates with actin and myosin in the cyto- 
plasm. NHBE cells were labeled with [ 3 H] leucine and [ 3 H] proline over- 
night, and the membrane and the cytosol fractions were prepared as 
described under "Experimental Procedures." Isolated fractions were 
precleared with the nonimmune control antibody (6F6). The cytosol was 
then divided equally into two fractions and used for immunoprecipita- 
tion carried out in the presence of 10 jllm cytochalasin D (Biomol, 
Plymouth Meeting, PA) with the anti-MARCKS antibody 2F12 (lane 2) 
and the nonimmune control antibody 6F6 (lane 3), respectively. 
MARCKS protein in the membrane fraction was also assessed by im- 
munoprecipitation using the antibody 2F12 (lane 1). The precipitated 
protein complex was resolved by 8% SDS-polyacrylamide gel electro- 
phoresis and visualized by enhanced autoradiography. MARCKS ap- 
peared to associate with two cytoplasmic proteins with molecular 
masses of ~200 and —40 kDa, respectively. These two MARCKS-asso- 
ciated proteins were excised from the gel and analyzed by matrix- 
assisted laser desorption ionization/time of flight mass spectrometry/ 
internal sequencing (the Protein/DNA Technology Center of Rockefeller 
University, New York). The obtained peptide mass and sequence data 
were used to search protein data bases via Internet programs ProFound 
and MS-Fit. Results indicate that they are myosin (heavy chain, non- 
muscle type A) and actin, respectively. 



cellular substrates can be phosphorylated by PKC or PKG, and 
phosphorylation by PKC of one such substrate, MARCKS pro- 
tein, seemed to be of particular interest. The specific biological 
function of MARCKS is not clear; however, MARCKS phospho- 
rylation has been observed to correlate with a number of cel- 
lular processes involving PKC signaling and cytoskeletal con- 
traction, such as cell movement, mitogenesis, and neural 
transmitter release (reviewed in Ref. 27). Because the dynamic 
process of secretion requires both kinase activation and trans- 
location of intracellular granules to the cell periphery, 
MARCKS appeared to be an ideal candidate for a mediator 
molecule connecting PKC/PKG activation and mucin granule 
exocytosis. 

Direct involvement of MARCKS in mucin secretion by NHBE 
cells was demonstrated by three separate lines of evidence. 
First, mucin secretion in response to stimulation by PMA + 
8-Br-cGMP or UTP was inhibited in a concentration-dependent 
manner by the MANS peptide, which had the amino acid se- 
quence identical to the N-terminal region of MARCKS, whereas 
the corresponding control peptide (RNS), containing the same 
amino acid composition but arranged in random order, did not 
affect secretion. The N-terminal myristoylated domain of 
MARCKS is known to mediate the MARCKS-membrane asso- 
ciation. As indicated in the hypothetical mechanism illustrated 
in Fig. 9, MARCKS may function as a molecular linker by 
interacting with granule membranes at its N-terminal domain 
and binding to actin filaments at its PSD site, thereby tether- 
ing granules to the contractile cytoskeleton for movement and 
exocytosis. It is also conceivable that attachment of MARCKS 
to the granules after it is released into the cytoplasm may be 
guided by specific targeting proteins or some other forms of 
protein-protein interactions in which the N-terminal domain of 
MARCKS is involved. In either case, the MANS peptide would 
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Fig. 9. Hypothetical signaling mechanism controlling mucin 

secretion by human airway epithelial cells. Mucin secretagogue 
interacts with airway epithelial (goblet) cells and activates two separate 
protein kinases, PKC and PKG. Activated PKC phosphorylates 
MARCKS, causing MARCKS translocation from the plasma membrane 
to the cytoplasm, whereas PKG, activated via the nitric oxide (NO) — * 
GC-S — > cGMP — > PKG pathway, in turn activates a cytoplasmic PP2A, 
which dephosphorylates MARCKS. This dephosphorylation stabilizes 
MARCKS attachment to the granule membranes. In addition, 
MARCKS also interacts with actin and myosin, thereby linking gran- 
ules to the cellular contractile machinery for subsequent movement and 
exocytotic release. 

act to inhibit competitively targeting of MARCKS to the mem- 
branes of mucin granules, thereby blocking secretion. 

The second line of evidence was provided by the inhibitory 
effect of a MARCKS-specific antisense oligonucleotide on mu- 
cin secretion. As shown in Fig. 3, the antisense oligonucleotide 
down-regulated MARCKS mRNA and protein levels in NHBE 
cells and substantially attenuated mucin secretion induced by 
PKC/PKG activation. The inhibition was not as dramatic as 
that seen with the MANS peptide, which might be due to the 
high levels of endogenous MARCKS protein in NHBE cells and 
the relatively long half-life of MARCKS mRNA (t^ = 4-6 h) 
(28). 

The final line of evidence was that transfection of HBE1 cells 
with a PSD-deleted mutant MARCKS resulted in significant 
repression of mucin secretion induced by PKC/PKG activation. 
Deletion of the PSD would abolish the ability of MARCKS to 
bind to actin. As indicated in Fig. 9, by competing with native 
MARCKS for binding to granule membrane, the PSD-trun- 
cated MARCKS could thereby inhibit granule release as it is 
unable to interact with the actin filaments. One piece of data 
that should be addressed here is the fact that transfection of 
these cells with the wild-type MARCKS cDNA did not further 
enhance mucin secretion. Western blot assay showed that the 
expression level of endogenous MARCKS in HBE1 cells was 
quite high, comparable with that in NHBE cells, and transfec- 
tion of wild-type MARCKS cDNA did not lead to notable in- 
creases in overall MARCKS protein level in these cells (data 
not shown). This may explain why transfection with wild-type 
MARCKS did not further augment secretion and also why 
transfection with the PSD-deleted MARCKS only partially hin- 
dered mucin secretion. 

Collectively, the above results demonstrated that MARCKS 
was involved integrally in the mucin secretory process. The 
next question to address was how MARCKS acts as a key 
regulatory molecule upon which PKC and PKG converge to 
regulate mucin secretion. A major part of the answer to this 
question could reside in the dynamics of MARCKS phosphoryl- 
ation/dephosphorylation. As illustrated in Fig. 5, MARCKS 
was phosphorylated by PKC and consequently translocated 
from the membrane to the cytoplasm. Here, PKG appeared to 
induce dephosphorylation of MARCKS (Fig. 6A, lane 4, and 
Fig. 6B). This dephosphorylation was reversed by the PKG 



inhibitor # p -8-Br-PET-cGMP (Fig. 6A, lane 5), indicating the 
dephosphorylation was specifically PKG-dependent. 

How does PKG act to dephosphorylate MARCKS? An obvious 
mechanism is via activation of a protein phosphatase. As illus- 
trated in Fig. 6A (lane 6), okadaic acid at 500 nM, a concentra- 
tion that could inhibit both PP1 and PP2A, blocked PKG- 
induced dephosphorylation of MARCKS, suggesting that PKG 
caused dephosphorylation by activating PP1 and/or PP2A. Fur- 
ther studies with fostriecin and direct assay of phosphatase 
activities indicated that only PP2A was activated by PKG and 
was responsible for removal of the phosphate groups from 
MARCKS (Fig. 6C). Finally, to bring these results to a logical 
conclusion, either okadaic acid or fostriecin, at concentrations 
that inhibited PKG-induced dephosphorylation of MARCKS, 
attenuated mucin secretion induced by PMA + 8-Br-cGMP or 
UTP (Fig. 7). Thus, dephosphorylation of MARCKS by a PKG- 
activated PP2A appears to be an essential component of the 
signaling pathway leading to mucin granule exocytosis. 

Results of these studies not only suggest a new paradigm for 
the signaling mechanism controlling exocytotic secretion of 
airway mucin granules but also provide the first direct evi- 
dence demonstrating a specific biological function of MARCKS 
in a physiological process; MARCKS serves as a key mediator 
molecule regulating mucin granule release in human airway 
epithelial cells. A hypothetical signaling pathway involving 
this secretory process is illustrated in Fig. 9. Specifically, elic- 
itation of airway mucin secretion requires dual activation and 
synergistic actions of PKC and PKG. Activated PKC phospho- 
rylates MARCKS, resulting in translocation of MARCKS from 
the inner face of the plasma membrane into the cytoplasm. 
Activation of PKG in turn activates PP2A, which dephospho- 
rylates MARCKS in the cytoplasm. Because the membrane 
association ability of MARCKS is dependent on its phosphoryl- 
ation state (9-11), this dephosphorylation would allow 
MARCKS to regain its membrane-binding capability and would 
enable MARCKS to attach to membranes of cytoplasmic mucin 
granules. By also interacting with actin and myosin in the 
cytoplasm (Fig. 8), MARCKS could then tether granules to the 
cellular contractile apparatus, mediating granule movement to 
the cell periphery and subsequent exocytotic release. 

Certainly, the mechanism described above fits well into our 
current knowledge about mucin secretion and secretagogue 
activity. PKC and/or the NO -» GC-S -> PKG pathways have 
been thought to be involved in airway mucin secretion pro- 
voked by a wide range of stimuli. On a more etiological level, it 
also seems rational that a single intracellular molecule regu- 
lates the actual secretory event, that is movement and exocy- 
tosis of mucin granules. The need for activation of two separate 
protein kinases, which control phosphorylation and dephospho- 
rylation of this single regulatory molecule, respectively, reflects 
another level of fine control of the secretory process. The wide 
distribution of MARCKS suggests the possibility that this or a 
similar mechanism may regulate secretion of membrane-bound 
granules in various cell types under normal or pathological 
conditions. 
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A MARCKS-related peptide blocks mucus hypersecretion 
in a mouse model of asthma 
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Mucus hypersecretion is a crucial feature of pulmonary 
diseases such as asthma, chronic bronchitis and cystic 
fibrosis. Despite much research, there is still no effective 
therapy for this condition. Recently, we showed that the 
myristoyiated, alanine-rich C-kinase substrate (MARCKS) 
protein is required for mucus secretion by human bronchial 
epithelial cells in culture 1 . Having synthesized a peptide 
corresponding to the N-terminal domain of MARCKS, we 
now show that the intratracheal instillation of this peptide 
blocks mucus hypersecretion in a mouse model of asthma. A 
missense peptide with the same amino acid composition has 
no effect. Based on quantitative histochemical analysis of the 
mouse airways, the peptide seems to act by blocking mucus 
release from goblet cells, possibly by inhibiting the attachment 
of MARCKS to membranes of intracellular mucin granules. 
These results support a pivotal rote for MARCKS protein, 
specifically its N-terminal region, in modulating this secretory 
process in mammalian airways. Intratracheal administration 
of this MARCKS-related peptide could therapeutically reduce 
mucus secretion in the airways of human patients with asthma, 
chronic bronchitis and cystic fibrosis. 

Hypersecretion of mucin (the glycoprotein component of mucus) 
occurs in several respiratory diseases, including asthma, chronic 
bronchitis and cystic fibrosis, and is a risk factor for mortality in these 
patient groups. Currently, there are no therapies available to treat 
mucus hypersecretion. We recently showed that MARCKS, an 80- to 
87-kDa protein that is a target for phosphorylation by protein kinase 
C, is required for mucin secretion in human bronchial epithelial cells 
in culture 1 . We also showed that an evolutionarily conserved, 
N-terminal, 24-amino acid fragment of MARCKS — myristoyiated 
N-terminal sequence (MANS), or MARCKS-related peptide — 
inhibits mucin release in a concentration-dependent manner in vitro. 
In contrast, a missense control peptide with the same amino acid 
composition had no effect 1 . 

To test the effect of the MARCKS-related peptide in vivo, we used 
the ovalbumin (OVA)-sensitized mouse, a well- characterized model 



of allergic airway inflammation resembling human asthma 2-5 . To 
elicit mucin hypersecretion, we exposed OVA-sensitized mice of the 
BP2 strain to aerosolized methacholine for 90 s, 72 h after OVA chal- 
lenge 4,5 . One group of mice was pretreated intratracheally (i.t), 
1 5 min before methacholine, with 50 u.1 MANS peptide in saline at 
10, 100 or 140 \xM (-1-15 mg /kg). A second group was pretreated 
with the missense peptide (random N-terminal sequence, or RNS) at 
100 or 140 |iM, and a third group was pretreated with saline alone. 
The amount of mucin released into tracheobronchial lavage fluid 
30 min after methacholine exposure was measured by a mucin -spe- 
cific ELISA, as described previously 3 " 5 . In mice treated with saline 
only, inhalation of methacholine caused an approximately fivefold 
increase in mucin secretion (Fig. la). Pretreatment with the MANS 
peptide resulted in a concentration -dependent decrease in this 
response, whereas pretreatment with the missense RNS peptide had 
no effect at either dose (Fig. la). In mice not exposed to metha- 
choline, i.t. delivery of MANS peptide for 45 min decreased basal, 
constitutive levels of mucin secretion by 34 ± 7% and 69 ± 11% at 
10 and 100 u,M, respectively, compared with saline-treated mice. RNS 
peptide had no effect on basal mucin secretion. Histological examina- 
tion of airways and analysis of bronchoalveolar lavage (BAD fluid 
revealed no signs of injury or toxicity for up to 24 h after instillation 
of either peptide. FlTC-conjugated MANS (100 \lM) instilled i.t. into 
a mouse airway was detected within epithelial cells 15 min later, indi- 
cating intracellular localization. 

To detect possible strain-specific effects of the peptides, we con- 
ducted similar studies in BALB/c mice. The results of these experi- 
ments were essentially the same as those observed in experiments 
with BP2 mice (Fig. lb). The inhibitory effect of the MANS peptide 
was not restricted to a single secretory stimulus, as indicated by data 
showing inhibitory effects of MANS peptide on secretion induced by 
intraperitoneal (i.p.) delivery of 150 mg/kg pilocarpine (Fig. lc). 

To gain insight into the mode of action of MANS peptide, we 
examined the airways of OVA-exposed mice that had or had not 
received peptide treatment. Histochemical staining with periodic 
acid-Schiff (PAS) and hematoxylin revealed that airways exposed to 
OVA alone contained numerous mucin- filled goblet cells (Fig. 2a), 
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Figure 1 Effects of peptides on mucin secretion in mouse airways, (a) In BP2 mice challenged and sensitized with OVA, MANS peptide, but not missense 
RNS peptide, attenuates mucin secretion in response to methacholine, in a concentration-dependent manner. (b,c) In BALB/c mice sensitized and 
challenged with OVA, release of mucin into airways in response to inhaled aerosolized methacholine (b) or i.p. pilocarpine (c) is attenuated by pretreatment 
with MANS peptide, whereas RNS peptide does not affect mucin secretion. *, P< 0.05 compared with control; t, P< 0.05 compared with methacholine 
stimulation. 



whereas upon methacholine exposure, PAS-positive material was lost 
from the airway epithelium and immunoreactive mucin appeared in 
the lavage fluid (Fig. 2b). Pretreatment with missense RNS peptide 
(Fig, 2c) had no effect, whereas pretreatment with MANS peptide 
(Fig.2d-f) markedly reduced the effects of methacholine in a concen- 
tration-dependent manner. Quantitative morphometric analysis of 
these sections confirmed a concentration-dependent retention of 
mucin in airways of MANS-treated mice (Table 1). 

The issue of how the MANS peptide interferes with mucin secre- 
tion has not yet been resolved. Studies of secretion using MARCKS 
knockout mice have not been done, as deleting the MARCKS gene 
causes CNS defects that result in death shortly after birth 6 . Work in a 
variety of isolated or cultured cell types however indicates that the 



* 1 [V 




phosphorylation state of MARCKS controls its affinity for actin fila- 
ments; it has been proposed that MARCKS-actin networks reduce the 
ability of secretory granules to penetrate the cortical cytoskeleton 7-12 . 
Supporting this, some studies have found that secretion can be atten- 
uated by exposing cells to a peptide that blocks protein kinase C- 
mediated MARCKS phosphorylation 7 ' 8 . 

This type of mechanism cannot however explain the results shown 
here, because mucin-secreting airway goblet cells lack a cortical actin 
ring, and because the N-terminal MANS peptide used in our studies 
does not interfere with MARCKS phosphorylation. Instead, the pep- 
tide used in our studies corresponds to the myristoylated N-terminal 
region of MARCKS, which regulates the interaction of MARCKS with 
membranes, and neither serves as a protein kinase C phosphorylation 
site nor binds or cross-links actin 13 . 

To account for the inhibitory effect of the 
MANS peptide in goblet cells, we propose a 
mechanism whereby MARCKS binds, at dif- 
ferent sites, to secretory granule membranes 
and to the actin cytoskeleton. MARCKS 
would therefore serve as a physical link 
between the contractile cytoskeleton and 
mucin granules, and could have a role in 
guiding secretory granules to docking sites 
on the cell membrane. We have obtained 
biochemical evidence for such a mechanism 
in isolated human bronchial epithelial cells 1 . 



Figure 2 Representative PAS- and hematoxylin- 
stained sections of bronchi from sensitized and 
challenged BALB/c mice, (a) Mouse exposed to 
i.t. saline, followed by aerosolized saline. Goblet 
cells replete with PAS-positive intracellular mucin 
granules populated the epithelium, (b) Mouse 
exposed to i.t. saline, followed by aerosolized 
methacholine. Goblet cells released mucin . 
granules; epithelium was mostly PAS-negative. 
(c) Mouse exposed to i.t. RNS peptide, followed 
by aerosolized methacholine. Epithelium was 
similar to that in b. (d-f) Mice exposed to i.t. 
MANS peptide at 140 uM (d), 100 utvl (e) or 10 
uM (f), followed by aerosolized methacholine. 
Mucin seemed to be retained in goblet cells after 
MANS treatment, whereas RNS peptide did not 
prevent methacholine-induced release of PAS- 
positive granules. Scale bars, 100 nm. 
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Here we used gold-labeled immunostaining for MARCKS to provide 
ultrastructural evidence of the association between MARCKS pro- 
tein and membranes of mucin granules (Fig. 3a,b). MARCKS also 
bound membranes of mucin granules isolated from human 
bronchial epithelial cells; this binding was inhibited by MANS pep- 
tide (Fig. 3c). Because the MANS peptide used in these studies corre- 
sponds to the myristoylated N-terminus of MARCKS, it may be 
inhibiting endogenous MARCKS by competing for granule mem- 
brane binding. A sequence targeting MARCKS to specific membrane 
sites might reside in a region on the MARCKS protein between the 
myristoyl moiety and the phosphorylation-site domain i3 , and might 
perhaps be related to the conserved multiple homoIogy-2 (MH2) 
domain in this region 14 . 

In summary, we have shown that a peptide directed against the 
conserved N -terminal region of MARCKS protein inhibits mucin 
release in vivo when instilled i.t. into allergically inflamed mouse air- 
ways. The MANS peptide is the first example of a reagent with such 
properties. These findings lay the foundation for the development of 
new compounds that may find an important place in therapy for 
mucus hypersecretory disorders, such as those in patients with 
asthma, chronic bronchitis and cystic fibrosis. 

METHODS 

Ovalbiunin-sensitized mouse model of mucus hypersecretion. All studies 
were approved by the Animal Care and Use Review Committee of the Institut 
Pasteur. Male BP2 or BALB/c mice (Centre d'Elevage R. Janvier), aged 
6-8 weeks, were immunized subcutaneously with OVA (ICN Pharmaceuticals) 
as described previously 2 . Two weeks later, mice were anesthetized with 12% 
xylazine (20 mg/kg) and ketamine 500 (45 mg/kg) (Sigma), and challenged 
with 10 u,g OVA in 50 ul of endotoxin- free 0.9% saline. OVA was administered 
under light anesthesia through a temporary cannula introduced into the tra- 
chea through the oral cavity. 

Bronchoalveolar lavage. Mice were anesthetized i.p. with urethane (45 mg per 
30 g body weight), and the trachea was incised and cannulated. BAL fluid was 
collected with 2.5 ml saline containing 0.005M EDTA, PMSF and DTT, all 
from Sigma. 

Measurement of mucin secretion. Ceil -free BAL fluid was assayed for secreted 
mucin using a previously described ELISA 4,5 . We used a mouse MucSAC- 
specific antibody, raised against the peptide QTSSPNTGKTSTISTT from the 
mouse homolog of the MucSac gene, which recognizes lung, gastric and intes- 
tinal Muc5AC mucins 15 . 



Table 1 Morphometric analysis of mucin content in bronchi of 
BALB/c mice 



Mucin (mm 2 in airways) 



Saline + MCH 


0.01 ±0.014** 


OVA 


1.81 ±0.44** 


OVA + MCH 


0.07 ±0.04 


OVA + RNS (140 iaM) + MCH 


0.04 ±0.01 


OVA + MANS {140 uM) + MCH 


1.44 ±0.17** 


OVA + MANS (100 uM)+MCH 


0.40 ±0.17* 


OVA + MANS (10 ^M) + MCH 


0.14 ±0.04 



Sections from BALB/c mice, stained with PAS and hematoxylin, were analyzed for . 
mucin content using an image analysis system. Results are mean ± s.d; n = 25 bronchi 
per group. MCH, methacholine. *,P< 0.05 compared with OVA + MCH; *\ P< 0.001 
compared with OVA + MCH. 



Treatments. Seventy-two hours after OVA challenge, mice were instilled i.t. 
with a bolus of either saline, iMANS peptide {identical to the first 24 amino 
acids of the N terminus of MARCKS; myristic acid-GAQFSKTAAKG 
EAAAERPGEAAVA) or missense control RNS peptide; myristic acid-GTA- 
PAAEGAGAEVKRASAEAKQAF), as described previously 1 . MANS or RNS 
peptides were administered at final concentrations of 10, 100 or 
140 uM (-1-15 mg/kg). Mucin secretion was triggered 15 min later by 
administration of either methacholine, using a Buxco system nebulizer deliv- 
ering aerosolized methacholine at 60 mM for 90 s, or i.p. injection of pilo- 
carpine (150 mg/kg) for an additional 30 min before BAL and mucin 
measurement. 

Histochemistry and quantitative morphometry. After the above expo- 
sures, lungs from selected BALB/c mice were flushed to remove blood, then 
inflated with OCT medium (Sakura Finetek) half-diluted in saline. Lungs 
were immersed in 10% phosphate-buffered formalin overnight at 4 °C, 
then embedded in paraffin. Five-micron-thick sections were stained with 
PAS and hematoxylin, and mucin retained in the epithelium in longitudi- 
nal sections of main-stem bronchi was quantified as described 4,16 using an 
image analysis system (Grastek Optilab software, version 2.1). We used five 
mice per treatment. For each mouse, we calculated the sum of the values of 
five fields per slide, for five slides, and converted the area from pixels to 
mm 2 . All data were obtained in a blinded fashion at a magnification of 
X200. 

Ultrastructural immunohistochemistry. Trachea from BALB/c mice were 
immersion-fixed in 4% formaldehyde and 0.01% glutaraldehyde for Ih. 




Figure 3 The association of MARCKS with mucin granule membranes is inhibited by MANS peptide, (a) Immunogold EM analysis of a goblet cell from 
mouse airway shows association of MARCKS with membranes (arrows) of mucin granules (mg). Scale bars, 300 nm. (b) Control for a, using gold-labeled 
preimmune IgG. (c) Immunoprecipitation of isolated mucin granule membranes from NHBE cells by gob-5-specific antibody. Lane 1, western blot 
showing detection of gob- 5 in granule membranes; lanes 2-4, western blots showing MARCKS-specific staining of isolated mucin granule membranes 
(2, control cells; 3, granule membranes from cells exposed to 100 uM RNS; 4, greatly diminished staining of granule membranes from cells exposed to 
100 uM MANS). 
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Sections were embedded in 3-4% agar, then dehydrated and embedded in 
LR White resin (Electron Microscopy Sciences). Ultrathin (80-90 nm) sec- 
tions were blocked with 10% FBS for 15 min, then incubated overnight at 
4 °C with an affinity-purified rabbit antibody to mouse MARCKS protein 
(Abeam; 3 ^ig/ml), in PBS containing 0.5% BSA. After washing, grids were 
incubated with 12-nm gold-labeled secondary antibody (donkey anti-rab- 
bit; Jackson ImmunoResearch Laboratories) in PBS containing 0.5% BSA 
for 2 h, then poststained with uranyl acetate. 

Isolation of mucin granules from normal human bronchial epithelial 
(NHBE) cells. Intact mucin granules were isolated by a modification of the 
Wu and Castle method 17 . NHBE cells in primary air-liquid interface cul- 
ture were collected 14 d after reaching confluence, lysed via sonication and 
centrifuged at 600g for 10 min. Postnuclear supernatants were diluted with 
1 .9 volumes of 86% Percoll, 0.3 M sucrose, 5 mM MOPS, 1 mM EDTA and 
0.2 ug/ml of DPPD (pH 6.8) before centrifugation at 17,000g for 30 min. 
Crude mucin granules collected from the bottom 0.4 ml of the gradient 
were diluted and pelleted at 2,000g for 15 min, before overnight incubation 
at 4 °C in PBS containing 0.3 M sucrose with Dynal beads coated with a 
monoclonal antibody to mouse CLCA 3 (gob-5; an integral component of 
mucin granule membranes 18 ). After incubation, the antibody-granule 
complex was eluted, boiled with 2x Laemmli sample buffer and applied to 
SDS-PAGE before immunoblotting using MARCKS- and CLCA 3 -specific 
antibodies. 

For immunoblotting, proteins were transferred to a polyvinylidene fluo- 
ride membrane, rinsed, blocked in 5% nonfat dry milk for 1 h, and incu- 
bated with primary antibody and 1% BSA overnight at 4 °C. After washing, 
the membrane was incubated with secondary antibody for 1 h. Biotinylated 
secondary antibody (Jackson ImmunoResearch Laboratories) and VEC- 
TASTAIN ABC (Vector Laboratories) were used to detect MARCKS. 
Proteins were detected with an Amersham ECL kit, followed by exposure to 
Hyperfilm ECL (Amersham Biosciences). 

Statistical analysis. Results are presented as mean ± s.d. (// = 5-12 for each 
point, for ELISAs). Significance levels were calculated using one-way 
ANOVA, followed by the Scheffe test, using SPSS 6.1 software. P < 0.05 was 
considered significant. 
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Abstract 

Airway mucus hypersecretion is now recognized as a key pathophysiological feature in many patients with asthma, chronic 
obstructive pulmonary disease (COPD) and cystic fibrosis. Consequendy, it is important to develop drugs that inhibit 
mucus hypersecretion in these susceptible patients. Conventional therapies, including anticholinergics, /^-adrenoceptor 
agonists, corticosteroids, mucolytics and macrolide antibiotics, have variable efficacy in inhibiting airway mucus 
hypersecretion, and are less effective in COPD than in asthma. Novel pharmacotherapeutic targets are being investigated, 
including inhibitors of nerve activity (e.g. large conductance calcium-activated potassium, BKc a > channel activators), 
tachykinin receptor antagonists, epoxygenase inducers (e.g. benzafibrate), inhibitors of mucin exocytosis (e.g. anti- 
myristoylated alanine-rich C kinase substrate (MARCKS), peptide and Munc-18B blockers), inhibitors of mucin synthesis 
and goblet cell hyperplasia (e.g. epidermal growth factor (EGF), receptor tyrosine kinase inhibitors, p38 mitogen-activated 
protein (MAP), kinase inhibitors, MAP kinase kinase/extracellular signal-regulated kinase (MEK/ERK), inhibitors, human 
calcium-activated chloride (hCACL2), channel blockers and retinoic acid receptor-a antagonists), inducers of goblet cell 
apoptosis (e.g. Bax inducers or Bcl-2 inhibitors), and purinoceptor P 2 y 2 antagonists to inhibit mucin secretion or P 2 Y2 
agonists to hydrate secretions. However, real and theoretical differences delineate the mucus hypersecretory phenotype in 
asthma from that in COPD. More information is required on these differences to identify specific therapeutic targets which, 
in turn, should lead to rational design of anti-hypersecretory drugs for treatment of airway mucus hypersecretion in asthma 
and COPD. 

Key words: Asthma, chronic bronchitis, chronic obstructive pulmonary disease, COPD, epidermal growth factor, MUC gene, 
mucin, protease, protease inhibitor 



Introduction 

Mucus secretion in the airways normally represents 
first-line defence of the respiratory tract and is an 
important part of innate immunity. However, if 
secretion becomes abnormal, mucus accumulates 
and may obstruct the airway lumen (Figure 1). 
Long-term and excessive mucus production, termed 
chronic mucus hypersecretion, can lead to signifi- 
cant airflow limitation in a number of severe 
respiratory conditions including asthma (1), chronic 
obstructive pulmonary disease (COPD) (2,3) and 
cystic fibrosis (CF) (4). It should be noted, however, 
that the impact of airway mucus hypersecretion on 
morbidity and mortality is not unequivocal or 
pertinent to all patients. Nevertheless, there are 
certain groups of patients, for example those with 
COPD who have mucus hypersecretion and are 



prone to chest infections (5), where a causal 
association has been demonstrated. Consequently, 
there is the perception that inhibiting mucus 
hypersecretion should have clinical benefit in hyper- 
secretory conditions of the airways. Numerous 
pharmaceutical and other treatments are available 
or in development that are aimed, either directly or 
indirectly, at inhibiting mucus hypersecretion. 
However, although asthma and COPD share mucus 
obstruction as a clinical feature, the pathophysiolo- 
gical mechanisms underlying the impairment in 
mucus clearance may be different, to a greater or 
lesser extent, for each condition. For example, there 
are real and theoretical differences in the pathophy- 
siology of airway mucus hypersecretion between 
asthma and COPD (Figure 2). In addition, the fea- 
tures of airway inflammation and remodelling that 
uniquely characterize different respiratory diseases 
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Key messages 

• Airway mucus hypersecretion is now 
recognized as an important contributor to 
morbidity and mortality in many patients 
with severe chronic lung diseases. 

• The airway mucus hypersecretory 
phenotypes of asthma, COPD and cystic 
fibrosis have many important differences. 

• Effective novel pharmacotherapy of airway 
mucus hypersecretion may have to be disease 
specific. 



are also factors that influence mucus hypersecretion. 
Consequendy, no single therapy is likely to be 
effective across the spectrum of mucus obstructive 
conditions of the respiratory tract. It is possible that 
disease specific therapy will be more successful. 

The present review discusses airway mucus 
hypersecretion, using asthma and COPD as exam- 
ples of respiratory conditions that share excess 
airway mucus as a clinical feature but with specific 
differences in mucus pathophysiology. Cystic fibro- 
sis will be briefly mentioned where appropriate for 
comparative purposes as a third respiratory condi- 
tion with its own pathophysiology and mucus 
problems. However, the mucus problems in CF 
pertain predominantly to the genetic defect in the 
cystic fibrosis transmembrane conductance regulator 
(CFTR) and the associated abnormality in sodium 
channels, and are beyond the scope of the present 
article. The interested reader is referred to two 
recent reviews (4,6). Factors involved in the rational 
design of pharmacotherapeutic compounds to inhi- 
bit airway mucus hypersecretion in asthma and 
COPD will be considered. A brief description of 
airway mucus is given first. 

Airway mucus, mucins and MUC genes 

Airway luminal mucus is a complex dilute aqueous 
solution of lipids, glycoconjugates and proteins. It 
comprises salts, enzymes and anti-enzymes, oxidants 
and antioxidants, exogenous bacterial products, 
endogenous antibacterial agents, cell-derived med- 
iators and proteins, plasma-derived mediators and 
proteins, and cell debris such as DNA. Airway 
mucus is considered to form a liquid bi-layer 
whereby an upper gel layer floats above a lower. 



more watery sol, or periciliary liquid, layer (6). The 
gel layer traps particles and is moved on the tips of 
the cilia. Respiratory tract mucus requires the 
correct combination of viscosity and elasticity for 
optimal efficiency of ciliary interaction. 
Viscoelasticity is conferred on the mucus primarily 
by high molecular weight mucous glycoproteins, 
termed mucins, which comprise up to 2% by weight 
of the mucus (7). In the airways, mucins are 
produced by goblet cells in the epithelium (8) and 
sero-mucous glands in the submucosa (9). Mucins 
are thread-like molecules comprising a linear peptide 
sequence (termed apomucin), often with tandemly 
repeated regions, that is highly glycosylated, pre- 
dominantly via O-linkages (Figure 3). Apomucins 
are encoded by specific mucin (MUC) genes, with 

19 human MUC genes currently recognized, namely 
MUC1, 2, 3A, 3B, 4, 5AC, 5B, 6-9, 11-13 and 16- 

20 (10-15). Of these, however, it is only the 
MUC5AC and MUC5B gene products that com- 
prise the major gel-forming mucins in respiratory 




Figure 1. Mucus obstruction of the airways in asthma and COPD: gross pathology. A: Lung from an asthmatic patient cut through to show 
gelatinous plugs (P) in the large airways (arrows). Courtesy Dr Catherine Corbishley (thumb, T, and finger, F, holding specimen). B: 
Luminal mucus (M) partially blocking an extrapulmonary bronchus (arrow) in a long-term elderly male cigarette smoker with chronic 
sputum production. 



118 D. i 7 . Rogers & P. J. Barnes 




Figure 2. Putative differences in pathophysiology of the airway mucus hypersecretory phenotype in asthma, chronic obstructive pulmonary 
disease (COPD) and cystic fibrosis (CF). Compared with normal, in asthma there is airway inflammation, increased luminal mucus, with 
an increased ratio of MUC5B (low charge glycoform (lcgf)) to MUC5AC, possibly small amounts of MUC2 present in the mucus, 
epithelial 'fragility' with loss of ciliated cells, marked goblet cell hyperplasia, submucosal gland hypertrophy (although without a marked 
increase in mucous to serous ratio), 'tethering* of mucus to goblet cells, and plasma exudation. In COPD, there is airway inflammation, 
increased luminal mucus, goblet cell hyperplasia, submucosal gland hypertrophy (with an increased proportion of mucous to serous acini), 
an increased ratio of lgcf MUC5B to MUC5AC above that in asthma, possibly small amounts of MUC2 in the mucus, and a susceptibility 
to infection. In CF, there is airway inflammation, increased luminal mucus, goblet cell hyperplasia, submucosal gland hypertrophy, an 
increased ratio of lgcf MUC5B to MUC5AC, small amounts of MUC2 in the mucus, and a marked susceptibility to infection. Many of 
these differences require confirmation (or otherwise) by data from greater numbers of subjects. 
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Figure 3. Schematic representation of a gel-forming mucin molecule. The mucin subunit (~500 nm in length) comprises an amino acid 
backbone with highly glycosylated areas and folded regions, stabilized via disulphide bonds, with little or no glycosylation. Glycosylation is 
via O-linkages and is highly diverse. In secretions, the subunits are joined end-to-end by disulphide bonds (S-S) into long thread-like mature 
mucin molecules. 
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secretions from normal subjects. The mucin content 
of secretions from patients with hypersecretory 
respiratory diseases may differ from normal (see 
below). 



Mucus obstruction of the airways in asthma 
and COPD 

Asthma and COPD are chronic, severe inflamma- 
tory conditions of the airways in which mucus 
hypersecretion is a pathophysiological feature. The 
increase in airway luminal mucus is associated with 
increases in amount of mucus-secreting tissue. 



Asthma 

Asthma is a chronic inflammatory condition of the 
airways that has specific clinical and pathophysiolo- 
gical features (16), including mucus obstruction of 
the airways (17) (Figure 2). The latter is particularly 
evident in a proportion of patients who die in status 
asthmaticusy where many airways are occluded by 
tenacious mucus plugs (18-20). There is also more 
mucus in the central and peripheral airways of both 
chronic and severe asthmatics compared with con- 
trol subjects (21). The increased amount of luminal 
mucus reflects an increase in amount of airway 
secretory tissue, due to both goblet cell hyperplasia 
(21,22), and submucosal gland hypertrophy (19), 
although the latter is not characteristic of all patients 
with asthma (21). 



COPD 

COPD comprises three overlapping conditions, 
namely chronic obstructive bronchitis (commonly 
associated with increased airway mucus hypersecre- 
tion), chronic bronchiolitis (small airways disease) 
and emphysema (airspace enlargement due to 
alveolar destruction) (23). The following discussion 
considers the 'bronchitic' component of COPD. 
The airways of patients with COPD contain 
excessive amounts of mucus (24), which is markedly 
increased above that in control subjects (25,26) 
(Figure 2). The increased mucus is linked specifi- 
cally with an increase in MUC5B in the bronchiolar 
lumen (27). The excessive luminal mucus is asso- 
ciated with increased amounts of mucus-secreting 
tissue, namely goblet cell hyperplasia (24,28,29) 
and submucosal gland hypertrophy (24,25,30,31). 
The amount of gland correlates with the amount of 
luminal mucus (25). 



Differences in pathophysiology relating to 
mucus obstruction in asthma, COPD and CF 

In order to develop appropriate models of airway 
mucus hypersecretion and develop drugs to inhibit 
hypersecretion, it is necessary to understand the 
similarities and differences in the features of mucus 
obstruction for different hypersecretory conditions. 
There are a number of differences in the pathophy- 
siology of mucus hypersecretion between asthma, 
COPD and CF (Figure 2). Firstly, although the 
underlying pulmonary inflammation of asthma and 
COPD share many common features, there are 
specific characteristics unique to each condition 
(32-35). Asthma is invariably an allergic disease 
that affects the airways, rather than the lung paren- 
chyma, and is characterized by Th2-lyrnphocytic 
orchestration of pulmonary eosinophilia. In contrast, 
COPD is currently perceived as predominantly a 
neutrophilic disorder governed largely by macro- 
phages and epithelial cells. It is associated primarily 
with cigarette smoking. The differences between 
asthma and COPD in their profile of airway 
inflammation and remodelling may in turn exert 
different influences on the development of airway 
mucus obstruction in the two conditions. 

Airway mucus in asthma is more viscous than in 
COPD or CF, with the airways of asthmatic patients 
tending to develop, and subsequendy become 
blocked by, gelatinous 'mucus' plugs (17). 
Whether or not mucus in asthma has an intrinsic 
biochemical abnormality is unclear. In general 
terms, sputum from patients with asthma is more 
viscous than that from patients with chronic 
bronchitis or bronchiectasis (36-38). Mucus plugs 
in asthma differ from airway mucus gels in chronic 
bronchitis and CF in that they are stabilized by non- 
covalent interactions between extremely large 
mucins assembled from conventionally sized sub- 
units (39). This suggests an intrinsic defect in 
assembly of the mucin molecules, and could account 
for the increased viscosity of the mucus plugs in 
asthma. Plug formation may also be due, at least in 
part, to increased airway plasma exudation in asthma 
compared with COPD (40). In addition, and in 
direct contrast to COPD, exocytosed mucins in 
asthma are not released fully from the goblet cells, 
leading to 'tethering' of luminal mucins to the airway 
epithelium (41). This tethering may also contribute 
to plug formation. One explanation of mucus 
tethering is that, in COPD, neutrophil proteases 
cleave goblet cell-attached mucins, whereas in 
asthma the inflammatory cell profile, predominantly 
an eosinophilia, does not generate the appropriate 
proteases to facilitate mucin release. 
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Different MUC gene products may be present in 
respiratory secretions in asthma and COPD. 
MUC5AC and a low-charge glycoform of MUC5B 
are the major mucin species in airway secretions 
from patients with asthma, COPD and CF (42-46). 
There is significantly more of the low-charge glyco- 
form of MUC5B in the respiratory diseases than in 
normal control secretions (46). Interestingly, there is 
a proportional increase in the MUC5B mucin over 
the MUC5AC mucin in airway secretions from 
patients with COPD or CF, compared with secre- 
tions from patients with asthma (42). The signifi- 
cance of the change in MUC5B glycoforms to 
bacterial colonization between the different diseases 
is unclear. However, it is interesting that it is 
observed in COPD and CF, where patients are 
prone to bacterial chest infections (4,23), rather than 
in asthma where patients are not notably prone to 
infection. 

In contrast to normal airways, there is upregula- 
tion of MUC5AC in the airway epithelium of 
patients with COPD compared with smoking (and 
non-smoking) controls (27). Goblet cells in the 
airways from patients with COPD contain not only 
MUC 5 AC but also MUC5B (44,47) and MUC2 
(7,48). The latter distribution is different to that in 
the airways of patients with asthma or CF, where 
MUC5AC and MUC5B show a similar localization 
to that in normal subjects (49,50). It is noteworthy 
that although MUC2 is located in goblet cells in 
irritated airways, and MUC2 mRNA is found in the 
airways of smokers (26), MUC2 mucin is either not 
found in airway secretions from normal subjects or 
patients with chronic bronchitis (43), or is found 
only in very small amounts in asthma, COPD and 
CF (46,51). The significance of the above combined 
observations is unclear, but suggests that there are 
differences in goblet cell phenotype between asthma 
and COPD. 



Another notable difference between asthma and 
COPD is in the bronchial submucosal glands (52). 
In asthma, although hypertrophied, the glands are 
morphologically normal with an even distribution of 
mucous and serous cells. In contrast, in chronic 
bronchitis, gland hypertrophy is characterized by an 
increased number of mucous cells relative to serous 
cells, particularly in severe bronchitis (52). 

From the above, it may be seen that there are 
theoretical and actual differences in the nature of 
airway mucus between asthma and COPD. How 
these differences relate to pathophysiology and 
clinical symptoms in the two conditions is, for the 
most part, unclear. However, these dissimilarities 
suggest that different treatments may be required for 
effective treatment of airway mucus obstruction in 
asthma and COPD. 



Pharmacotherapy of airway mucus 
hypersecretion 

The prevalence of patient presentation with cough 
and expectoration of sputum and the perceived 
importance of mucus in the pathophysiology of 
severe lung conditions, such as asthma and COPD, 
have led to development of drugs intended to treat 
airway mucus hypersecretion (53). There are two 
objectives for treatment of airway mucus obstruc- 
tion: short-term relief of symptoms and long-term 
benefit (Table I). Pharmacotherapy of airway mucus 
hypersecretion in asthma and COPD has been 
discussed in detail recently (17,54) and is summar- 
ized below and in Table II. Essentially, pharma- 
cotherapy divides into two sections. The first is 
anti-inflammatory treatment of airway inflamma- 
tion, probably the most beneficial therapy overall. 
The second is therapies directed specifically at 
different aspects of the pathophysiology of mucus 



Table I. Objectives for effective pharmacotherapy of mucus pathophysiology in chronic airway hypersecretory diseases. 



Overall objective 



Component objective 



Facilitate mucus clearance (short-term relief of symptoms) 



Reverse hypersecretory phenotype (long-term benefit) 



Reduce viscosity (? increase elasticity) 
Increase ciliary function 
Induce cough 

Facilitate release of 'tethered* goblet cell mucin (asthma) 
Treat pulmonary infection (COPD) 

Treat airway/pulmonary inflammation 
Reduce goblet cell number 
Reduce submucosal gland size 

Correct increased gland mucous: serous cell ratio (COPD) 

Reverse increased MUC5B:MUC5AC ratio (especially in COPD) 

Inhibit plasma exudation (asthma) 

Inhibit production of MUC2 

Inhibit development of epithelial 'fragility* (asthma) 
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Table II. Potential therapeutic targets and inhibitors of airway mucus hypersecretion. 



Target 



Inhibitor(s) 



Airway inflammation 

Mucus properties: 
Thickened mucus 
P2Y 2 receptors 

Goblet cell hyperplasia: 

Bcl-2 

hCLCAl 

EGFR tyrosine kinase 
ERK 

MUC gene expression 

NKCC1 

p38 MAPK 

PI-3K 

RAR-a 

Inflammatory mediators: 

Bradykinin (B 2 receptors) 

Cysteinyl leukotrienes (Cys-LTj receptors) 

Endothelin-1 (ET A receptors) 

Mast cell tryptase 

Neutrophil elastase 

PAF 

Purine nucleotides (e.g. ATP, UTP) 

Mucin exocytosis: 
MARCKS 
Munc-18B 
SNARE proteins 

Neural pathways: 
Muscarinic (M 3 ) receptors 
Nerve activation 
Neurotransmitter release 

Tachykinin NKi receptors 



Glucocorticosteroids, PDE4 inhibitors, suplatast tosilate, cytokine/chemokine 
blockers/receptor antagonists, ?macrolide antibiotics 

Mucolytic drugs (e.g. AT-acetylcysteine) 

Selective agonists for mucus hydration (e.g. INS37217) 

Antisense oligonucleotides (e.g. G3139, aka Genasense, oblimersen), Bax mimetics 
Talniflumate 

AG1478, B1BX1522, ZD1839 (Iressa) 
MEK inhibitors (e.g. PD98059, U0126) 
18-mer MUC antisense oligonucleotide 
Bumetanide 

p38 MAPK inhibitors (e.g. SB 203580) 
PI-3K inhibitors (e.g. LY-294002) 
RAR-a antagonists (e.g. RO-41-5253) 

Icatibant 

Montelukastj zafirlukast 
Bosentan 

APC-366, BABIM 

Elastase inhibitors (e.g. batimastatj suramin and macrolide antibiotics such as 

erythromycin and flurythromycin) 
Apafant, modipafant 
P2Y 2 antagonists (none yet available) 

MARCKS inhibitors (e.g. MANS peptide) 
Munc-18B inhibitors (antisense oligomer) 

Re-targeted clostridial endopeptidase fusion proteins (e.g. EGF-LHn-C) 

Anticholinergics (e.g. ipratropium bromide, tiotropium bromide) 
VR-1 receptor antagonists (e.g. anandamide, capsazepine) 
BKca channel activators (e.g. NS 1619), CB 2 receptor agonists (e.g. AM 1241, 
SRI 44528) 

Tachykinin NKj receptor antagonists (e.g. CP99,994, RP67580, nolpitantium; dual 
NK X /NK 2 and triple NK!/NK 2 /NK 3 antagonists) 



Abbreviations: aka = also known as; BABIM = bis (5-amidino-2-benzimidazo-lyl) methane; Bax = endogenous pro-apoptotic factor; Bcl- 
2= endogenous antiapoptotic factor; CB=cannabinoid (receptor); EGFR= epidermal growth factor receptor; ERK = extracellular signal- 
regulated kinase; MAPK= mitogen activated protein kinase; MARCKS =myristoylated alanine-rich C kinase substrate; MEK=MAPK 
kinase ('upstream' of ERK); MUC=mucin; NK= neurokinin; NKCC=Na + -K + -Cl" cotransporter; PAF=platelet activating factor; PI- 
3K=phosphatidylinositol 3-kinase; PDE= phosphodiesterase; RAR=retinoic acid receptor; SNARE=so!uble N-ethyl-maleimide-sensitive 
factor anachment protein receptor; VR=vanilloid receptor. 



hypersecretion, from inhibition of the secretagogue 
effects of specific endogenous inflammatory secreta- 
gogues to aiding expectoration of sputum by use of 
mucolytics. 



Conventional pharmacotherapy 

The medications used currently in clinical manage- 
ment of COPD and asthma, namely bronchodilators 
(anticholinergics, /^-adrenoceptor agonists and methy- 
lxanthines) and antiinflammatories (primarily gluco- 
corticosteroids), are not administered necessarily to 



target airway hypersecretion, but may nevertheless 
exert some of their beneficial effects via actions on 
mucus (55). 

Decreasing the viscosity of airway mucus with 
mucolytic drugs should improve mucus clearance, 
both by mucociliary transport and by cough. 
However, although numerous mucolytic drugs are 
available worldwide, their effectiveness in treatment 
of asthma and COPD has not been clearly estab- 
lished (56). Similarly, although antibiotics are 
recommended in clinical management of exacerba- 
tions of COPD, there is no evidence for prophylactic 
antibiotic treatment of stable COPD (23,57). 
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Figure 4. Possibilities for novel inhibirion of airway mucus hypersecretion in chronic obstructive pulmonary disease (COPD). 
Theoretically, recruitment and activation of neutrophils and inhalation of cigarette smoke increases the lung burden of proteases and 
oxidants, which in turn activate the epidermal growth factor (EGF) intracellular signalling pathway leading to increased mucin (MUC) gene 
expression and mucin synthesis, mucous metaplasia (goblet cell hyperplasia and submucosal gland hypertrophy) and increased mucin 
secretion (via myristoylated alanine-rich C kinase substrate (MARCKS)). The neutrophil chemotactic activity of interleukin (IL)-8 and 
leukotriene (LT) B 4 can be inhibited by selective antagonists at the receptors for CXC chemokines (CXCR2 antagonists) and for LTB 4 
(BLT antagonists), respectively, and neutrophil activity can be inhibited by inhibitors of phosphodiesterase (PDE) 4. The activity of 
proteases and oxidants can be inhibited by protease inhibitors and antioxidants. The EGF receptor and mitogen activated protein kinase 
cascade, as well as MARCKS activity, can be inhibited by appropriate inhibitors. 



Novel pharmacotherapy 

There is a range of novel pharmacotherapeutics in 
development for inhibition of airway mucus hyper- 
secretion, including inhibitors of mucin exocytosis 
and inhibitors of goblet cell hyperplasia (Figure 4). 



Exocytosis inhibitors 

Inhibition of mucin exocytosis is a therapeutic 
option for mucus hypersecretion in asthma and 
COPD. Myristoylated alanine-rich C kinase sub- 
strate (MARCKS) protein is a key intracellular 
molecule involved in intracellular movement and 
exocytosis of mucin granules (58). Blockade of 
MARCKS by a synthetic peptide to its N-terminal 
region (MANS peptide) inhibited mucin secretion 
by normal human bronchial epithelial cells in vitro 
(58) and by mouse airway epithelium in vivo (59). 
The Secl/Muncl8 family are critical to exocytosis in 
airway goblet cells, and experimental induction of 
Muncl8B (mammalian homologue of the nematode 
unc-18 gene product, also known as syntaxin- 
binding protein 1 ) induces a marked airway 
hypersecretory phenotype (60). Clostridium Botuli- 
num neurotoxins (BoNT) inhibit neurotransmitter 
(e.g. acetylcholine) release by cleaving soluble 



N-ethyl-maleimide-sensitive factor attachment pro- 
tein receptor (SNARE) proteins in the nerve 
terminal (61). Conversely, BoNTs could be re- 
targeted to airway secretory cells via a fusion ligand 
to selectively inhibit mucin exocytosis, and thereby 
reduce mucus output. For example, the LH N 
fragment (representing the light chain and the N- 
terminal domain of the heavy chain coupled via a 
single disulphide bond) of BoNT-C fused to EGF 
(termed EGF-LHn-C) as targeting ligand for the 
EGF-R on airway epithelial cells markedly inhibits 
stimulated mucin output from a human respiratory 
epithelial cell line (62). 

Inhibition of mucin synthesis and goblet cell hyperplasia 

Increased MUC gene expression, mucin synthesis 
and goblet cell hyperplasia appear to be linked 
processes that are regulated by a number of 
inflammatory mechanisms. For example, airway 
epidermal growth factor receptor (EGF-R) upregu- 
lation and signalling via EGF-R tyrosine kinase is a 
key signalling event for induction of mucin synthesis 
and goblet cell hyperplasia (63,64). Inhibitors of 
EGF-R tyrosine kinase block these responses. One 
of these, gefitinib (Iressa), is in clinical trial for 
cancer, but not yet for asthma or COPD. 
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The p38 mitogen-activated protein (MAP) kinase 
pathway, the MEK/ERK pathway, and the phos- 
phatidylinositol 3-kinase pathway are all involved, to 
a greater or lesser extent, in intracellular events 
leading to mucin synthesis and goblet cell hyperpla- 
sia (65-68). Inhibitors of these pathways inhibit 
mucus hypersecretory endpoints in experimental 
systems. 

Calcium-activated chloride (CLCA) channels 
appear to be critically involved in development of 
an airway hypersecretory phenotype (69). In mice, 
suppression of mCLCA3 inhibits goblet cell hyper- 
plasia, whilst overexpression increases goblet cell 
number (70). Talniflumate is a small molecule 
putative inhibitor of hCLCAl which is currently 
being developed as a mucoregulatory treatment for 
asthma and COPD (71). 

Retinoic acid (vitamin A) acting on the RAR-a 
receptor appears to be involved in mucin expression 
(72-74) and in the development and maintenance of 
a hypersecretory phenotype (74). RAR-a antago- 
nists, such as RO-41-5253, inhibit a number of these 
activities (75). 

Antisense technology is also being explored as a 
new approach to inhibition of goblet cell hyperplasia. 
For example, an 18-mer MUC antisense oligomer 
suppressed mucin gene expression and wood smoke- 
induced epithelial metaplasia in rabbit airways (76). 

Hyperplastic airway goblet cells in COPD models 
express the antiapoptotic factor Bcl-2 (77). 
Reduction of Bcl-2 expression by antisense oligonu- 
cleotides induces a dose-dependent resolution of 
hyperplasia. 

P 2 Y2 agonists and antagonists 

Adenosine S'-triphosphate (ATP) and uridine tri- 
phosphate (UTP) increase airway mucin and water 
secretion via interaction with P 2 Y2 purinoceptors 
(78,79). Consequently, P 2 Y2 antagonists might 
inhibit airway hypersecretion (80). However, mucus 
hydration is associated with improved mucociliary 
clearance, and stimulation of water secretion may 
nave greater therapeutic potential than inhibition of 
P 2 Y2-rnediated mucin secretion (6). Consequently, 
there is considerable interest in development of P 2 Y2 
agonists (78). 

Conclusions 

Mucus secretion in the airways is a vital homeostatic 
mechanism that protects the respiratory tract from a 
barrage of inhaled insult. However, abnormal 
production of mucus can contribute to respiratory 
disease. Airway obstruction by mucus is a common 



feature of a number of severe respiratory conditions, 
including asthma, COPD and CF. These diseases 
share pulmonary inflammation and remodelling as a 
pathophysiological characteristic. They also each 
have a number of unique features that characterize 
their airway mucus obstruction. For example, mucus 
plug formation and mucus tethering are features of 
asthma, whereas submucosal gland hypertrophy 
with a disproportionate increase in the ratio of 
mucous to serous cells is a significant feature in 
COPD. Understanding of the relative importance of 
the differences and similarities in the pathophysiol- 
ogy of mucus obstruction between different respira- 
tory diseases should lead to rational development of 
therapeutic interventions. 

References 

1. Del Donno M, Bittesnich D, Chetta A, Olivieri D, Lopez- 
Vidriero MT, The effect of inflammation on mucociliary 
clearance in asthma: an overview. Chest, 2000;118:1142-9. 

2. Houtmeyers E, Gosselink R, Gayan-Ramirez G, Decramer M. 
Regulation of mucociliary clearance in health and disease. Eur 
Respir J. 1999;13:1177-88. 

3. Maestrelli P, Saetta M, Mapp CE, Fabbri LM. Remodeling in 
response to infection and injury. Airway inflammation and 
hypersecretion of mucus in smoking subjects with chronic 
obstructive pulmonary disease. Am J Respir Grit Care Med. 
2001;164:S76-S80. 

4. Davis PB. Cystic fibrosis. Pediatr Rev. 2001;22:257-64. 

5. Prescott E, Lange P, Vestbo J. Chronic mucus hypersecretion 
in COPD and death from pulmonary infection. Eur Respir J. 
1995;8:1333-8. 

6. Knowles MR, Boucher RC. Mucus clearance as a primary 
innate defense mechanism for mammalian airways. J Clin 
Invest. 2002;109:571-7. 

7. Davies JR, Herrmann A, Russell W, Svitacheva N, 
Wicks trom C, Carlstedt I. Respiratory tract mucins: structure 
and expression patterns. Novartis Foundation Symposium 
248. Mucus Hypersecretion in Respiratory Disease. 
Chichester: John Wiley & Sons, 2002, pp. 76-93. 

8. Rogers DF. The airway goblet cell. Int J Biochem Cell Biol. 
2003;35:1-6. 

9. Finkbeiner WE. Physiology and pathology of tracheobron- 
chial glands. Respir Physiol. 1999;118:77-83. 

10. Moniaux N, Escande F, Porchet N, Aubert JP, Batra SK. 
Structural organization and classification of the human mucin 
genes. Front Biosci. 2001;6:D1 192-D1206. 

11. Dekker J, Rossen JW, Buller HA, Einerhand AW. The MUC 
family: an obituary. Trends Biochem Sci. 2002;27:126-31. 

12. Gum JR Jr, Crawley SC, Hicks JW, Szymkowski DE, Kim YS. 
MUC 17, a novel membrane-tethered mucin. Biochem 
Biophys Res Commun. 2002;291:466-75. 

13. Wu GJ, Wu MW, Wang SW, Liu Z, Qu P, Peng Q, et al. 
Isolation and characterization of the major form of human 
MUC 18 cDNA gene and correlation of MUC 18 over- 
expression in prostate cancer cell lines and tissues with 
malignant progression. Gene. 2001;279:17-31. 

14. Chen Y, Zhao YH, Kalaslavadi TB, Hamati E, Nehrke K, 
Le AD, et al. Genome-wide search and identification of a 
novel gel-forming mucin MUCl9/Mucl9 in glandular 
tissues. Am J Respir Cell Mol Biol. 2004;30:155-65. 



124 D. F. Rogers & P. J. Barnes 



15. Higuchi T, Orita T, Nakanishi S, Katsuya K, Watanabe H, 
Yamasaki Y, et al. Molecular cloning, genomic structure, and 
expression analysis of MUC20, a novel mucin protein, up- 
regulated in injured kidney. J Biol Chem. 2004;279:1968-79. 

16. Eapen SS, Busse WW. Asthma. Clin Allergy Immunol. 
2002;16:325-53. 

17. Rogers DF. Airway mucus hypersecretion in asthma: an 
undervalued pathology? Curr Opin Pharmacol. 2004; 4: 
241-50. 

18. Houston JC, De Navasquez S, Trounce JR. A clinical and 
pathological study of fatal cases of status asthmaticus. 
Thorax. 1953;8:207-13. 

19. Dunnill MS. The pathology of asthma with special reference 
to changes in the bronchial mucosa. J Clin Pathol. 1960; 13: 
27-33. 

20. Saetta M, Di Stefano A, Rosina C, Thiene G, Fabbri LM. 
Quantitative structural analysis of peripheral airways and 

- arteries in sudden fatal asthma. Am Rev Respir Dis. 1991; 
143:138^13. 

21. Aikawa T, Shimura S, Sasaki H, Ebina M, Takishima T. 
Marked goblet cell hyperplasia with mucus accumulation in 
the airways of patients who died of severe acute asthma 
attack. Chest. 1992;101:916-21. 

22. Ordonez CL, Khashayar R, Wong HH, Ferrando R, Wu R, 
Hyde DM, et al. Mild and moderate asthma is associated with 
airway goblet cell hyperplasia and abnormalities in mucin gene 
expression. Am J Respir Crit Care Med. 2001;163:517-23. 

23. National Heart Lung and Blood Institute, World Health 
Organisation, Global initiative for chronic obstructive lung 
disease. Publication number 2701. Bethesda National 
Institutes of Health; 2001. 

24. Reid L. Pathology of chronic bronchitis. Lancet. 1954;266: 
274-8. 

25. Aikawa T, Shimura S, Sasaki H, Takishima T, Yaegashi H, 
Takahashi T. Morphometric analysis of intraluminal mucus 
in airways in chronic obstructive pulmonary disease. Am Rev 
Respir Dis. 1989;140:477-82. 

26. Steiger D, Fahy J, Boushey H, Finkbeiner WE, Basbaum C. 
Use of mucin antibodies and cDNA probes to quantify 
hypersecretion in vivo in human airways. Am J Respir Cell 
Mol Biol. 1994;10:538-45. 

27. Caramori G, Di Gregorio C, Carlstedt I, Casolari P, 
Guzzinati I, Adcock IM, et al. Mucin expression in peripheral 
airways of patients with chronic obstructive pulmonary 
disease. Histopathology. 2004;45:477-84. 

28. Saetta M, Turato G, Baraldo S, Zanin A, Braccioni F, 
Mapp CE, et al. Goblet cell hyperplasia and epithelial 
inflammation in peripheral airways of smokers with both 
symptoms of chronic bronchitis and chronic airflow limita- 
tion. Am J Respir Crit Care Med. 2000;161:1016-21. 

29. Mullen JB, Wright JL, Wiggs BR, Pare PD, Hogg JC. 
Structure of central airways in current smokers and ex- 
smokers with and without mucus hypersecretion: relationship 
to lung function. Thorax. 1987;42:843-8. 

30. Reid L. Measurement of the bronchial mucous gland layer: a 
diagnostic yardstick in chronic bronchitis. Thorax. 1960; 15: 
132^1. 

31. Restrepo G, Heard BE. The size of the bronchial glands in 
chronic bronchitis. J Pathol Bacteriol. 1963;85:305-10. 

32. Jeffery PK. Differences and similarities between chronic 
obstructive pulmonary disease and asthma. Clin Exp 
Allergy. 1999;29 Suppl 2:14-26. 

33. Saetta M, Turato G, Maestrelli P, Mapp CE, Fabbri LM. 
Cellular and structural bases of chronic obstructive 
pulmonary disease. Am J Respir Crit Care Med. 2001; 163: 
1304-9. 



34. Djukanovic R. Airway inflammation in asthma and its 
consequences: implications for treatment in children and 
adults. J Allergy Clin Immunol. 2002; 109 Suppl 6: 
S539-S548. 

35. Barnes PJ. Mediators of chronic obstructive pulmonary 
disease. Pharmacol Rev. 2004;56:515^8. 

36. Lopez- Vidriero MT, Reid L. Chemical markers of mucous 
and serum glycoproteins and their relation to viscosity in 
mucoid and purulent sputum from various hypersecretory 
diseases. Am Rev Respir Dis. 1978;117:465-77. 

37. Charman J, Reid L. Sputum viscosity in chronic bronchitis, 
bronchiectasis, asthma and cystic fibrosis. Biorheology. 1972; 
9:185-99. 

38. Shimura S, Sasaki T, Sasaki H, Takishima T, Umeya K. 
Viscoelastic properties of bronchorrhoea sputum in bronchial 
asthmatics. Biorheology. 1988;25:173-9. 

39. Sheehan JK, Richardson PS, Fung DC, Howard M, 
Thornton DJ. Analysis of respiratory mucus glycoproteins in 
asthma: a detailed study from a patient who died in status 
asthmaticus. Am J Respir Cell Mol Biol. 1995;13:748-56. 

40. Rogers DF, Evans TW. Plasma exudation and oedema in 
asthma. Br Med Bull. 1992;48:120-34. 

41. Shimura S, Andoh Y, Haraguchi M, Shirato K. Continuity of 
airway goblet cells and intraluminal mucus in the airways of 
patients with bronchial asthma. Eur Respir J. 1996;9: 
1395^101. 

42. Thornton DJ, Carlstedt I, Howard M, Devine PL, Price MR, 
Sheehan JK. Respiratory mucins: identification of core 
proteins and glycoforms. Biochem J. 1996;316:967-75. 

43. Hovenberg HW, Davies JR, Herrmann A, Linden CJ, 
Carlstedt I. MUC5AC, but not MUC2, is a prominent 
mucin in respiratory secretions. Glycoconj J. 1 996; 13: 
839-47. 

44. Wicks trom C, Davies JR, Eriksen GV, Veerman EC, 
Carlstedt I. MUC5B is a major gel-forming, oligomeric 
mucin from human salivary gland, respiratory tract and 
endocervix: identification of glycoforms and C-terminal 
cleavage. Biochem J. 1998;334:685-93. 

45. Sheehan JK, Howard M, Richardson PS, Longwill T, 
Thornton DJ. Physical characterization of a low-charge 
glycoform of the MUC5B mucin comprising the gel-phase 
of an asthmatic respiratory mucous plug. Biochem J. 
1999;338:507-13. 

46. Kirkham S, Sheehan JK, Knight D, Richardson PS, 
Thornton DJ. Heterogeneity of airways mucus: variations in 
the amounts and glycoforms of the major oligomeric mucins 
MUC5AC and MUC5B. Biochem J. 2002;36 1:537^16. 

47. Chen Y, Zhao YH, Di YP, Wu R. Characterization of human 
mucin 5B gene expression in airway epithelium and the 
genomic clone of the amino-terminal and 5'-flanking region. 
Am J Respir Cell Mol Biol. 2001;25:542-53. 

48. Davies JR, Carlstedt I. Respiratory tract mucins. In: Salthe M, 
editor. Cilia and Mucus: from Development to Respiratory 
Defense. New York: Marcel Dekker, Inc., 2001. p. 167-78. 

49. Groneberg DA, Eynott PR, Urn S, Oates T, Wu R, 
Carlstedt I, et al. Expression of respiratory mucins in fatal 
status asthmaticus and mild asthma. Histopathology. 2002; 
40:367-73. 

50. Groneberg DA, Eynott PR, Oates T, lim S, Wu R, 
Carlstedt I, et al. Expression of MUC5AC and MUC5B 
mucins in normal and cystic fibrosis lung. Respir Med. 
2002;96:81-6. 

5 1 . Davies JR, Svitacheva N, Lannefors L, Kornfalt R, Carlstedt I. 
Identification of MUC5B, MUC5AC and small amounts of 
MUC2 mucins in cystic fibrosis airway secretions. Biochem J. 
1999;344:321-30. 



Airway mucus 125 



52. Glynn AA, Michaels L. Bronchial biopsy in chronic bron- 
chitis and asthma. Thorax. 1960;15:142-53. 

53. Houtmeyers E, Gosselink R, Gayan-Ramirez G, Decramer M. 
Effects of drugs on mucus clearance. Eur Respir J. 1999; 14: 
452-67. 

54. Rogers DF. The role of airway secretions in COPD: 
pathophysiology, epidemiology and pharmacotherapeutic 
options. COPD: J Chron Obstructive Pulm Dis. 2005;2: 
341-53. 

55. Rogers DF. Mucociliary dysfunction in COPD: effect of 
current pharmacotherapeutic options. Pulm Pharmacol Ther. 
2005;18:1-8. 

56. Rogers DF, Mucoactive drugs for asthma and COPD: any 
place in therapy? Expert Opin Investig Drugs. 2002;11: 
15-35. 

57. National Institute for Clinical Excellence (NICE), Chronic 
obstructive pulmonary disease: national clinical guideline on 
management of chronic obstructive pulmonary disease in 
adults in primary and secondary care. Thorax. 2004;59(Suppl 
1): 1-232. 

58. Ii Y, Martin LD, Spizz G, Adler KB. MARCKS Protein Is a 
Key Molecule Regulating Mucin Secretion by Human Airway 
Epithelial Cells in Vitro. J Biol Chem. 2001;276:40982-90. 

59. Singer M, Martin LD, Vargaftig BB, Park J, Gruber AD, Li Y, 
et al. A MARCKS-related peptide blocks mucus hypersecre- 
tion in a mouse model of asthma. Nat Med. 2004;10:193-6. 

60. Evans C, Kheradmand F, Cony D, Tuvim M, Densmore C, 
Waldrep C, et al. Gene therapy of mucus hypersecretion in 
experimental asthma. Chest. 2002;121(3 Suppl): 90S-91S. 

61. Foster KA. A new wrinkle on pain relief: re-engineering 
clostridial neurotoxins for analgesics. Drug Discov Today. 
2005;10:563-9. 

62. Ford E, Cruttwell C, Nute E, Chaddock J, Barnes P, Sutton J, 
et al. Inhibition of mucin secretion from A549 cells using a re- 
targeted clostridial endopeptidase. Proc Am Thor Soc. 
2005;2:A219. 

63. Burgel PR, Nadel JA. Roles of epidermal growth factor 
receptor activation in epithelial cell repair and mucin 
production in airway epithelium. Thorax. 2004;59:992-6. 

64. O'Donnell RA, Richter A, Ward J, Angco G, Mehta A, 
Rousseau K, et al. Expression of ErbB receptors and mucins 
in the airways of long term current smokers. Thorax. 
2004;59:1032-40. 

65. Longphre M, Li D, Li J, Matovinovic E, Gallup M, Samet JM, 
et al. Lung mucin production is stimulated by the air 
pollutant residual oil fly ash. Toxicol Appl Pharmacol. 2000; 
162:86-92. 

66. Shim JL Dabbagh K, Takeyama K, Burgel PR, Dao-Pick TP, 
Ueki IF, et al. Suplatast tosilate inhibits goblet-cell metaplasia 
of airway epithelium in sensitized mice. J Allergy Clin 
Immunol. 2000;105:739^5. 

67. Wang B, Iim DJ, Han J, Kim YS, Basbaum CB, Li JD. Novel 
cytoplasmic proteins of nontypeable Haemophilus influenzae 



up-regulate human MUC5AC mucin transcription via a 
positive p38 mitogen-activated protein kinase pathway and a 
negative phosphoinositide 3-kinase-Akt pathway. J Biol 
Chem. 2002;277:949-57. 

68. Atherton HC, Jones G, Danahay H. IL-13-induced changes 
in the goblet cell density of human bronchial epithelial cell 
cultures: MAP kinase and phosphatidylinositol 3-kinase 
regulation. Am J Physiol Lung Cell Mo! Physiol. 2003; 
285:L730-L9. 

69. Zhou Y, Shapiro M, Dong Q, Louahed J, Weiss C, Wan S, 
et al. A calcium-activated chloride channel blocker inhibits 
goblet cell metaplasia and mucus overproduction. Mucus 
Hypersecretion in Respiratory Disease. Chichester: Wiley, 
2002. p. 150-65. 

70. Nakanishi A, Morita S, Iwashita H, Sagiya Y, Ashida Y, 
Shirafuji H, et al. Role of gob-5 in mucus overproduction and 
airway hyperresponsiveness in asthma. Proc Natl Acad Sci U 
S A. 2001;98:5175-80. 

71. Knight D. Talniflumate (Genaera). Curr Opin Investig 
Drugs. 2004;5:557-62. 

72. Guzman K, Gray TE, Yoon JH, Nettesheim P. Quantitation 
of mucin RNA by PCR reveals induction of both MUC2 and 
MUC5AC mRNA levels by retinoids. Am J Physiol. 
1996;271:L1023-8. 

73. Yoon JH, Gray T, Guzman K, Koo JS, Nettesheim P. 
Regulation of the secretory phenotype of human airway 
epithelium by retinoic acid, triiodothyronine, and extracel- 
lular matrix. Am J Respir Cell Mol Biol. 1997;16:724-31. 

74. Koo JS, Jetten AM, Belloni P, Yoon JH, Kim YD, 
Nettesheim P. Role of retinoid receptors in the regulation of 
mucin gene expression by retinoic acid in human tracheo- 
bronchial epithelial cells. Biochem J. 1999;338:351-7. 

75. Apfel C, Bauer F, Crettaz M, Forni L, Kamber M, 
Kaufmann F, et al. A retinoic acid receptor alpha antagonist 
selectively counteracts retinoic acid effects. Proc Natl Acad 
Sci US A. 1992;89:7129-33. 

76. Bhattacharyya SN, Manna B, Smiley R, Ashbaugh P, 
Coutinho R, Kaufman B. Smoke-induced inhalation injury: 
effects of retinoic acid and antisense oligodeoxynucleotide on 
stability and differentiated state of the mucociliary epithe- 
lium. Inflammation. 1998;22:203-14. 

77. Tesfaigzi Y, Fischer MJ, Martin AJ, Seagrave J. Bcl-2 in LPS- 
and allergen-induced hyperplastic mucous cells in airway 
epithelia of Brown Norway rats. Am J Physiol Lung Cell Mol 
Physiol. 2000;279:L1210-17. 

78. Kellerman DJ. P2Y(2) receptor agonists: a new class of 
medication targeted at improved mucociliary clearance. 
Chest. 2002;121(5 Suppl): 201S-05S. 

79. Roger P, Gascard JP, Bara J, de Montpreville VT, Yeadon M, 
Brink C. ATP induced MUC5AC release from human 
airways in vitro. Mediators Inflamm. 2000;9:277-84. 

80. Jackson AD. Airway goblet-cell mucus secretion. Trends 
Pharmacol Sci. 2001;22:39-45. 



Attorney Docket No. 505 1 -45 IIP 



PATENT 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re : Li et al . Confirmation No . : 8 5 1 5 

Serial No. : 09/9 1 4,020 Art Unit: 1633 

Filed: December 3 1 , 200 1 Examiner: J. Epps-Ford 

For: Methods and Compositions for Altering Mucus Secretion 



Date: June 7, 2006 

Mailstop Amendment 
Commissioner for Patents 
PO Box 1450 

Alexandria, VA 22313-1450 



ATTACHMENT D 



Agarwal et al. "MARCKS Related Peptide Improves Airway Obstruction Related to Mucus 
Secretion in a Mouse Model of Asthma, " Proceedings of the American Thoracic Society, Vol. 3, 

page A7 13, 2006. 



Collagen I Content la Fata) Asthma ■ 

LSF. SUva», B.B. ArauM HAJP. Gomes 1 , T. Manud 1 . J.H- Lindeman 5 , A. Mulder 3 , 
P.H.N. Saidivn'. M. DoiimikotP. ODcpartmeni of Pomology - University of Suo Paulo 
Bnxil: ^LoidtmUtUvctain Medico! Center Nemtslonds. KoanO ; bunifl@UHp.br 

RATIONALE: It has been suggested dint the smaB airways aft involved in die mel- 
anism of airway remodeling in asthma and may be responsible for the persistent airway 
obstruction ana itacUnc in Twig function observed in some asthmatics. Sevend compo- 
nents of the airway extmccllulw matrix (ECM) may b« altered in asthma, lending to 
mcrtwsud thickness of the airway walL\ve have recently observed that the total collagen 
is increased in small airways (SA) unci ponbronohiolar alveoliO&A) iufutol asthma i(rA)i 
and that the collagen HI Is decreased in the outer layer of SA. We now hypothesize" that if 
the collagen I is SiCTettSud, a type switch of collagen may be involved w airway reoiod- 
eliofiinFA, 

■ AIM; lb determine the content of coUugeu I (ColDm. airwuys and alveolar paren- 
chyma in FA and conipare to non«aaihmatw controls (CTR). 

METHODS: We studied the distal hing of 19 patients that died of FA and 10 controls. 
Using mimfttfotiistoohemifltry and image tmalyaet) we lueaHurcd tfad content of Coll in ttw 
outer layer (OL), wnooth rmucie (SM) and inner layer (JL) of iarg* and smsdl airways and 
in PA and distal aNeoU PA). Valuta Were expressed as collagen orco(CAVBM lottgtn 
OL and IL, ** CA/SM w»a in SM, and as OVseptnm length in the oivaoli 

RBSULTS: There was n significant increase- in the content of Cotf in the outer and inner 
layers of SA in ttj&mants compared to controls [OL: PA^t2.60(7.0S-19.13 CTR= 
7,07(2-78-19.91) p~0.WU TLl FA- 4.29(2.11-6.85), CTll-^41^.^3.»4) p<0.001; 
PA; FA=1. 6*5(0.62-2,93), CTR-O.S 8(0. 17-1.26) p<0.001}. No significant differences 
v/erc observed in lar^" airways, in the SM of SA urul in DA betwiaon groups. 

CONCLUSIONS: The results show that the SA are involved in the mechanism" of 
afrwuy remodeling in FA with increased content of collagen I. These changes ure extended 
to the peribronchiolar but not to distal parerwhyina. 

This Abstract is Ftindsd by; PAP3BSP, CNPq, LlMftCPMUSP. 



Evahutdue Airwuy Rttfpormvcuas* to Multiple Bronchoeomttrietliig Ago 
Strains of Mice -BALB/c tuxd C57B1/6 - Following Chronic AHorgea Exi -c 

jjV. Hirota», J.N. Warriei, MJD. Inmun 1 . »McMusttt Uruveistty, . Hamilton, ON, 
Canada. Buiuil; hirotaja@moma6tcr.ca 

Introduction: Wc have previously observed sustained eirway hyp^neffponsiyeneMt 
(AHR) un4 increases in conrrucdle element ooniew in BALB/c mice following ohronic 
exposure to ovuibumin (OVA), Tli^ae obtwmtions wejw absent *nwn C57BI/6 nflce.*Ib 
mvesrignte the Involvement of increased conrraotiJe eliimcoca in Watalnod AK&, wc exam- 
ined airway respoiisrvonaas to acetylcholine, 5-hydraxynyptomine, and' leukotrwuc D4 in 
thin lung shoes worn BAf,B/c, and C57BI/6 tniee following ohronic allar^eA exposure. 

Methods: All mice wore sensitized with intraperitoneal OVA on days 1 and II, and 
iiuranu:ml OVA on day 1 1. On day 20, mice were then subjected to a chronie period of 
intranasal auerfan exposure. Airway morphometry of was perforuied. Airwey nltysioloHy 
nwusttrements wo*2 made using lung iUces (120«ft) of right tobe. Agonists were odmi*i- 
ktc^madottore^niwfw^ 

Reaulls: BAlB/c miod, bur not C57B1/6, showed sittniflcant moreascs m conttactile 
ei^nient contunt in me ulrwaya (p<0.O5). BAXB/c mice, bat not C5T&V6, d^moi^trttcd a 
Significant Increase inwsponae to 5-hydroxytryptunund Allowing chronic tulw^en expo- 
sure (p<0.05). C57B1/6 mice, but not JSALB/o, dwnopatruted a sienifiwuit menus* 0) 
response to oeelylcholine (p<0,05). • . ^, ATt3 , . - 

Conctttb'iou: A quuntitative increase of coarracnle elements m BALB/c mice is assp- 
ciared with hing siioa assciised AHR to 5-Itydroxylrpt«niac alone, rcnsestu* mat agomst 
spccitic signal tzwnwhicrionpathway» may be altered folio win* chioruo allurgon c^njre. 
The absence of allergen induced quantitative increases of contractile elements wC5TBU 
6 mice despite AHR to acetylcholine also (Support* this hypothesis. Further iMCplorahon 
into dw effect of chronic allergen txposur* on urrw*V smooth muscle a%ial transductioa 
pathways is wuzxaiued. 

'fhis Abulract ia Funded by: Canadian lnfltianes of Health Research. 



Effects of Roflumllnrt IVoarxacnt lu Mice Following Clirouie Allorgcn Challenge 
Ellis 1 , J. WatUe 1 , M.D. Innum». 'McMaster C/nlvcrsity, Hamilton, Canada, 
Introdnctioa Tile pathogenesis of airway remodeling in asthmu is poorly undeiwood 
but it has been suggested wt ongoing injauinmaiory and repair proceasca may be contab- 
utmft mctors. Inhaled corticosteroids and l^agonists ptf» the muinStay in astoa therapy 
Other agents may be required to either prevent or functionally reverse airway remodeling- 
Romunilast, an Westij^twnaloral, once-daily phosphodiostcraHo 4 (l v DB4) inhibitor* 
has shown anri-mflamniatory offecta b patients With asthma and CGPP. Thus, we inves- 
tigexed fat effects of roilomilast on airway function and structure in a model of chronic 
allergic asthma. 

Methods BALB/c mice were sensitized with intraperitoneal ovalbumin (OVA) gtVca 
OADoys 1 and 11, sod Sntruneeal (i,n.) OVA on Day 11. Animals were then exposed to 
OVA on 2 consecutive days during 6 challenge poriods, each seDuratdd by 12 days. During 
each challenge period, rofhtinilast (5 mgrta) or placebo was mven once daily by (ravage 
for 4- days (1 duy prior, 2 days duiwig, I dey after challenge). Comrol rmcc wore chal- 
lenited with U, safine. following a 4-weafc recovery after me hat OVA ajtposure, airway 
hyparTesportaiveness (AHR) to Lv. methacholine and airway morphometry were studied. 

Results Non-traated mica chronically exposed to OVA allergen developed sustained 
AHR and srruetnral airway chooaeS consistent with uspacts of ulrway wmodcling as com- 
pared to sttlioc-chuUenfied conltola. Tteatmooi with roflumilast corupletely prevented the 
development of AHR as well as aigniflcantiy reduced smooth muscle tissue and the 
number of mnoin-contninin^ goblel ccUb in the airwuys. Increased collagen detected ia 
OVA-citflkrtgedmlcowtt$notiUteredbyrotomlast» 

Coucmsion This study showed that orul roflurnilast preveated functional and struc- 
tural airway changes in this mouse model of chronic exposure to ullorgen. The demon- 
strated effects of rofruoiilastmsy translate into clinical benefits of anU-ttulammfttory trcuC- 
ment for patients with asthmu. 

f iTiis Abstract is i: uitdcd by: AHANA Phanntt AG, Germany* 



Charoccemadott of Eiwjy Phase Pulmonary Response^ itjad Airway Hypet> 
rasponBivenoBti ia Sheop ChroJucaily Chnlleuged with House Dusr Mite 

E. Koumouadourosw, R.J. BwchoP, E.N. Mccus^', IM. Maifcetti 1 . rU, Srubson*. 
» Centre for Animal Biotochnoio^y; ^Depefunont of Blacrrical flngineenn& University 
Mclbounw, VIC, Australia, Email: cmnimmel^uTumcIb.edw.au t t 

Rational: House dust mite (HDM) is a relevaot allergen mat is known to be involved 
in bulb the cause and exacerbation of chronic asthrniu wo have previously shown that 
repeated ohoUengea of HDM to elwcp nines results in sigmfiewit remodehog ot theeir- 
ways. We now assess long mrwtiou m ohr^caJly challenged sheep. 

Methods: Housa dust mit» was sdnuniflxered aa oither an aerosol or.mrusjon on u 
wteidy basis over a six mouth period and iuog mechanics was asscfisod on a monthly 
bania. Airway responsiveness was determined sb the doae of Inhaled earbachol (hat 
iocreo^dahwoy resistance by 200% above baseline. 

Results: An analysis of lung function data from all HDM-tfiuOlenged Sheep reveSlod 
that baseline pulmonary reflistniuw increused at an average of two-Cold over the repoaxed 
challenge period, and this increase could rtot be reversed with bioiichodilator acmsote. 
Data from saroaol ohollcngeS with HDM clearly show that sheep sc^egete into two 
groups in terms of their early osmmnUc responaca to IdDM. topsruculw; Ifcec v^ we- 
mncint increases in airway resistance m the first hourpoKroMchailengomapropcJliQn 
(7/12) of HDM-challepged sheep at all tlus monthly time-pOtnrs nssessed. Non-respondmg 
HDM-chaUenged sheep (n~S), and (dl suline-chaUen^ed aheap (comrol, u^6) cad not 
have increases in airway feSUrance after challenge dv«ag ttuj wsriod. Th? magnUaao of 
the early nammatic response progressively increased in rg)M respoikier sheep- Both 
r«poSdcr and noo-respoadcr fiicep developed iignificant BAL eosinophilu and bron- 
chial hyperruspoasivOuCicss during the chnUcii«ctf. ^ . , %% . t 

Concludes; These resulia show thai the sheep model is on appropriate animal model 
to exumiae the diversity of allergic responses and foncnontd rdiraonawps involved m 
chronic asthma. 
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: MARCKS Related Peptide Improves Ainvuy Obstrmstlon Related to WCucns 
SccrattonltiaMouwMwiaofAstliiufl 

A, Afirawuiw, R. Subrainaniun*, K.B. Adlei^ A. Ram», B. Ghosh 3 , M. Forum 1 , Bf. 
DioWrtBaylor Coilege of Medicine, Houston, TX; »Vullabhbhui Patel Oietrt iostimte, 
Delhi, Jndiu; s l»stitufe of Genomic and Integrative Bioloiry, DcDii. India; ^or* CuroUna 
Stute University, Raleigh, NC; >MD Anderson Cancer Center, Houston, TX. fcroail: 
uajeniwauj3bcuvtmo.edu 

Ailomia asthma is associated with airway epithelial oell mucous nietuplttia and mucus 
hypersecretion, but the cwuie^uences of mucuc hypmecrction on airway funohon are 
unolesr Receiwy, u peptide7«rvcd from the MARCJ^S Ptoistn ^^^f 0 " 
(MANS), was shown to inhibit airway muous sccretioa (M. Singer et al, 20W). We 
studied the effect of intranasal pre^eamwnt with this Pepdde on ai^ay^t^n Amna 
challenge with the mucus aeoietagogueS mcthochohne (MCb) ^nd AXP.i^JS," 
ultemer? induced mucooa oeU metflplasia. We fcund that prctrealTncnt with MANS but not 
a control peptide (RNS), rnsuhed ia inhibidon of the fall in specific airway cowhicuujcc 
(SGow) induced by MCh, u secretogogue that also cuuw» aimooth muscju MnsWction 
inwaniSB; baseline 1.15±0.06; IvfiNS/MCh 0.825:0.05; XtNSMCb 0.55*0.05 (em 
HjO art Additional challenge wifli ATP, a mucus seweteftocue Qiat relaxea airway 
anooth muscle in xnico, resulted in nomjalization cf SGaw k l^J^^^2^¥^ V 
ballot the control group (MANS/Mtt/ATP, l.liO.l; RNS/MCh/ATP, O.BiO.05). Thy 
nfotccdve effects of MANS pepdds were sustained in mioo wtth mcreaacd airway hyper- 
Tesponsivaoaas due to repeated allergen challenges (dofly fer 3 duys), but Jhd im^l tude 
0f& mil in SGttW incre^dd (busalme Mr 0.08; MANS/MCh, O.65±0.O6i ^S MCh, 
0 47± 0.03). insU iiunnnccs, SGaw in the MANS-prctreuted group was ubout 35% Utgher 
than contioL Tliis is equivalent to 20% change in FEV1 «id is biologically sujnificaflL In 
summary, thorapy tatgeting macin secretion unproved airflow obatruction in »n onimW 
model of asthma comparable to accepted therapies in humans. 

This Abstract in Fundml by: NiH R01WL07291W, R3mt36982. 



Compcuswory Lung Growth uf car Paeumonectomy Is PnrtiaUy Aducvcd by 

JJL Nyenrnu^(CUnlcul Resotach Group •'Chrome Airway DiseuScs" PhiUppfl^wv.^ 
£ S g« diversity of Oiesscn Umg CenK Oiee*^ Ge^jaay; 
^rcology ^ Electron Microscopy Haacaroh Uborutory, University of Aarhus, Aarhua, 

MvcXsw&ce urei and septal vofcmc of tbo excised IcftTang by day 21 ^mckal e* al 
^"torRupir 724:52^2). lb investigate if structural restoration of the - exahoafiB 
was acoonialiahed by growth of existing ulvooUor fofmotionof new alvcoU, ram^en 

See 75-16 wL). Lungs wsr2i «xcbed *i day 7 <n=6) or day 21 (n-5) «fWr PrOC TUwgs of 
and contro/ miceV- to) wore fixed vis the tmcheo (20cm H,0). W blocla were 
JXSSc Su random satupled ttt^ordfing to a ^?*^ ft ^^ A ^^^ f ^ 
Splowa! TiStoeSS orveoh/mimbeni (Hyde et al 2O05. AnoiRtc 277A216-26). Mearui 
ed are ftlvcn. A progressive inenjase in uSc 



number of alveoli (N alv) of ttut right rang 
was observed in PNX mice (Table 1). By 
day 21, N ulv per rigfcit lung was aigoifl- 
candy increttsod by 33% in PNX compared 
with right lungs of controls. IbtsL N alv of 
control mice was stffl sigrdflcamiy nigrwr 
than N arv of PNX riefat lungs. However; 
wherefttf in controls the right lung accounted 
for 602:12% of total N alv, the right lung of 



TUblc i -Numbtts of Alveoli alv) 



I- Group 



Ntttv 
(total) 



(light buy) 



Control — 11 .or U<UP 6S>±\j6xiQ> 
PNX 21 92*lSx\W W±t^tlO« 



• p<0.05 Vttoua CCBtrot (ANOVAJ 



for602:I2%0ftotttlNalv l thongtituingoi . 

rnioe (day 21) achieved B2±5%of ro«an lotul N atv of control nuceV We »neMcihat 
tL^on of the gas exchange region after PNX m mice ia purtelry achieved by 
formation of now alveoli. ^ M ' 
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